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Abstract
The continuous increase in the energy consumption of wireless networks has led to 
extensive research and development into green communications”. Towards this 
objective, this thesis aims at introducing a novel technique for maximizing the energy 
efficiency of wireless networks both in the uplink and downlink channels, whilst 
satisfying other system targets such as rate-faimess and quality of service.
More specifically, this thesis focuses on: 1) evaluating the energy efficiency of the uplink 
channel and locating the optimal operating points based on different optimality measures 
using average energy efficiency contours, 2) obtaining energy efficiency contours for the 
downlink channel and highlighting the fundamental difference between energy-efficient 
design in the uplink and downlink channels, 3) investigating the weighted average energy 
efficiency of the uplink channel, where users are prioritized based on different criteria 
such as channel gain and available battery, 4) employing a realistic linear power model in 
the downlink channel to define the total power consumed at the base station, 
encompassing circuit and processing power, amplifier efficiency and transmit power, 5) 
highlighting the trade-off between energy efficiency and spectral efficiency using energy 
efficiency contours.
Our results show that in the case of the uplink channel, maximum energy efficiency is 
achieved by allowing all users within one cell to transmit by employing a successive 
interference cancellation receiver. Additionally, allocating higher weights to the users 
with stronger channel gains sacrifices the rate-faimess but also significantly improves the 
energy efficiency of the system. In the case of the downlink channel, maximum energy 
efficiency is achieved by only transmitting to the user with the higher channel gain, by 
employing superposition coding. By increasing the number of active users in the system, 
the network energy efficiency increases. On the other hand, increasing the cell radius 
decreases the system energy efficiency.
Keywords: Broadcast Channel, Capacity Region, Contour, Convex Optimization, 
Downlink, Energy Efficiency, Multiple Access Channel, Uplink.
E-mail: a.akbari@surrey.ac.uk
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Chapter 1
Introduction
Wireless communications have become increasingly popular with consumers over the 
past decades. The future success of cellular networks relies on the capability of 
maintaining the required quality o f  service (QoS) using scarce network resources such as 
spectrum, hence the importance of spectral efficiency (SE). On the other hand, energy 
efficiency (EE) has recently gained huge interests, with a wide range of on-going and 
upcoming applications and huge environmental and economic incentives.
With the increase in the energy consumption of wireless networks, global warming has 
received increased awareness, with information and communication technologies (ICT) 
causing around 2% of the world-wide carbon dioxide (CO2) emissions. This may seem 
like a small figure, but in fact, it is comparable to the worldwide CO2 emissions form 
aviation, or 25% of the worldwide CO2 emissions from cars. According to recent reports 
[1], a 15%-30% decrease in emission is required before year 2020 to keep the global 
temperature increase below 2°C.
The increase in greenhouse gas (GHG) emissions has also influenced the economy, with 
reports projecting that a 1/3 reduction of the GHG emissions may generate an economical 
benefit higher than the investment required to reach this goal [2]. Therefore, EE provides 
a huge economic opportunity for network providers who are also interested in reducing 
their electricity bills, or in other words, increase their profits.
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Figure 1-1: Breakdown of power consumption in a typical mobile network
The breakdown of the power consumption in a typical mobile network, excluding user 
equipment’s (UEs), is depicted in Figure 1-1, where it is clearly seen that base station’s 
(BS) consume the largest fraction of the energy [3], making them the prime target in 
energy-efficient designs.
On the other hand, EE is extremely important in battery driven devices. Figure 1-2 depicts 
the power consumption of commercial 802.11 transceivers [4], which has increased in all 
operation modes with each new standard. Both 802.1 lb and 802.11 g operates at 2.4GHz 
but 802.1 Ig supports higher rates, leading to higher power consumption. The 802.1 la  on 
the other hand operates at 5GHz frequency, requiring high gain antennas for long 
distances. It should be mentioned that the power consumption in transmit mode will be 
even higher for long-distance communications, such as in cellular networks. As an 
example, consider a mobile user with an average daily power consumption profile of 1.5 
hours in transmit mode, 2 hours in receive mode, and 4 hours in idle mode [5]. Based on 
the 802.11a transceiver, the power consumption will be approximately 7.5 Whr, which is 
around 50% of the mobile devices battery capacity [6]. Therefore, energy saving designs 
are becoming more and more important for battery-driven UEs.
The primary focus of this thesis is on the power consumption of BSs and UEs, where new 
enhancements are identified on each component in order to make them more energy- 
efficient.
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Figure 1-2: Power Consumption of commercial 802.11 transceivers [6]
1.1. Motivation and Objective of Research
With the rapid growth of wireless eommunieations and increasing demand for multi- 
media services, the power consumption of such networks is increasing accordingly. This 
strong rise in data traffic will ultimately be a dominating factor, and unless new energy 
saving strategies are employed, huge limitations will have to be enforced on data usage.
The focus of this thesis is on the EE of wireless networks, both in the uplink and 
downlink channels. Uplink channel, also known as multiple access channel (MAC) in 
information theory and this thesis, is referred to the transmission from multiple UEs to a 
single BS. On the contrary, downlink channel, also known as broadcast channel (BC), is 
referred to the transmission from as single BS to multiple UEs.
At the first glance, the MAC and BC may appear to be very similar, but in actual fact, 
they are very much different. One fundamental difference comes from the fact that in the 
BC, the signal intended for each user and the interference from other users signals reach
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the user from the same channel, whereas in the MAC, they come through different 
channels. Such differences have big impacts on the system design, which is why both 
uplink and downlink cases are thoroughly investigated in this thesis.
Most existing studies on EE look into utilizing the number of bits transmitted over a 
network with limited energy. This is desirable when the only target of the system is to 
maximize EE, however, when multiple optimality measures are required, other 
approaches should be taken.
Towards this objective, this thesis aims at introducing a novel technique for maximizing 
the EE of wireless networks whilst satisfying other system targets such as rate-faimess 
and QoS. Both uplink and downlink channels will be investigated, with the fundamental 
differences between their energy-efficient characteristics highlighted.
The efficiency of communications systems have traditionally been measured using the SE 
metric, which fails to provide insight on the energy utilization, hence the requirement for 
further studies on EE. This has created the need for obtaining the trade-off between EE 
and SE, such that the best operating point can be achieved. Recent studies have used the 
sum-rate for the EE-SE trade-off. This thesis aims to propose a novel technique for this 
trade-off, where as well as the sum-rate, the individual rate distribution of each user is 
also obtained.
Due to the mobile nature of UEs, much research has already focused on reducing their 
power consumption, making them very energy-efficient. Therefore, this thesis aims at 
extending the EE concept to BSs. A realistic power model will be used, taking into 
account the transmit power, circuit and processing power, and amplifier efficiency 
coefficient, providing a scalable solution for the EE of the BC.
Environmental impacts and economic incentives are two major motives for energy- 
efficient design in wireless networks, which are discussed in detail in subsequent sections.
1.1.1. Environmental Impact
Carbon dioxide is one of the naturally occurring greenhouse gases in the earth’s 
atmosphere, which helps keep the earth warm enough for its inhabitants. A number of
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human activities such as burning fossil fuels for producing electricity and transportation 
release GHGs in the earth’s atmosphere, which is gradually rising the earth’s temperature. 
The average global temperature has risen by 1°C over the past century, with forecasts 
predicting a rise of 4°C by the middle of the century [7]. This can have devastating 
effects such as rising sea levels, droughts, and extreme temperatures on the natural 
ecosystems and humans, which is why drastic measures need to be taken [8].
The increasing GHG emissions has made way for enforcing new targets to increase the 
EE of mobile networks and reduce CO2 emissions. The ICT sector was responsible for 
530 and 830 Megatons o f CO2  emissions (MtCOic) in 2002 and 2007 respectively [9]. 
This is approximately 2% of the global CO2 emissions, with wireless communications 
accountable for approximately 15% of this figure [10]. This may seem like a small 
percentage, but the fast growth and intensive use of these technologies will inevitably 
increase GHG emissions from this sector, which is why it is extremely important to stop 
these figures from growing.
The global CO2 footprint of the telecommunication industry in 2002, and its projection 
for 2020 are shown in Figure 1-3, where the mobile network footprint is estimated to 
grow almost threefold from 66 MtC02C to 179 MtC02C. Telecom devices, including
5
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mobile phones, chargers, internet protocol TV (IPTV) boxes and home broadband 
modems are also set to increase from 18 MtCOie in 2002 to 51 MtC02e by 2020. The 
number of fixed broadband networks offered by both telecoms and cable operators is set 
to increase by 2020, where on the other hand, fixed-line narrowband networks are 
estimated to remain more or less constant.
1.1.2.Economic Incentives
Numerous technical solutions have been proposed in literature for improving the EE of 
wireless networks, however, financial incentives are required in order to physically 
implement them. From a network operator’s point of view, it is important to acknowledge 
the huge economic incentives alongside the environmental benefits gained by reducing 
CO2 emissions. As an example, consider the 74% increase in the price of industrial 
electricity in the United Kingdom, from the beginning of 2004 to the end of 2006 [11]. In 
fact, the electricity bills of mobile operators in the EU can take up to 18 % of their 
operational expenditure (OPEX). In Germany alone, mobile operators spend more than 
200 million Euros each year on energy bills, which in some cases exceeds the total wages 
paid to engineers to keep the network running.
These figures are even more extreme in developing countries such as India, where more 
than 66% of the OPEX in cellular networks is spent on buying diesel in order to run 
generators in BSs [12]. To tackle this, the ministry of new and renewable energy in India 
has introduced a mandate, urging telecom operators to power their BSs with solar power 
rather than diesel generators. Projections show a reduction of 5 million Tons of CO2 
emission, saving $1.4 Billion per year [13]. Similarly, Vodafone Qatar and Alcatel- 
Lucent have deployed a hybrid-powered BS in Qatar which uses solar and wind energy. 
More than 100,000 mobile BS are set to be deployed from 2010 to 2012, reducing 7 
Million Tons of CO2 emissions per year [14].
Previous generations of mobile networks where not designed with EE in mind, but the 
rapid increase in energy prices has shifted the focus of mobile operators on employing 
new energy saving strategies. According to recent studies, investments on energy- 
efficient network infrastructure will be approximately $122 Billion by 2014 [15]. On the
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other hand, government authorities worldwide are also in the process of proposing new 
climate change policies such as energy taxation and carbon trading, which can provide 
further economic incentives for network operators to increase their EE [16]. Some argue 
that such policies are unlikely to be a feasible long-term solution and propose a re-think 
of the spectrum licensing processes to prioritise EE over SE [17].
1.2. Major Achievements
The main contributions of this thesis are summarized as follows:
• The EE of the MAC is investigated using the bit-per-joule metric based on 
individual power constraints for UEs. The average EE is obtained using two 
decoding policies, where a framework is created to maximize EE for each rate- 
point. Average EE contours are introduced as a novel technique to locate the 
optimal rate-points based on four different system targets:
- Maximizing EE.
- Maximizing EE with rate-faimess.
- Achieving target EE with maximum sum-rate.
- Achieving target EE with rate-faimess.
The effect of the channel gain disparity of users on the system EE is investigated, 
where the shape of the EE contours are shown to change for different channel
gain ratios. The EE function of the uplink channel is simplified using Taylor
series (TS), where the transmit power function is approximated as a finite sum of 
terms, and a closed form solution is obtained.
The study is further extended by investigating the weighted average EE of the 
system, where users are prioritized based on different criteria such as channel 
gain and available battery.
Weighted average EE contours are obtained for multiple scenarios.
The trade-off between EE and rate-faimess is investigated.
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• The EE of additive white Gaussian noise (AWGN) BC is investigated under time- 
division (YD),frequency-division (FD) and superposition coding (SPC), where the 
optimal energy-efficient rate points are located according to a comparison metric 
based on the average EE of the system. The SPC scheme is found to be the most 
energy-efficient and rate-fair scheme, but at the cost of additional signalling 
power. In fact at high signalling powers, the FD and TD schemes outperform the 
SPC scheme from an EE point of view.
The SPC is used to obtain EE contours using two different decoding policies with 
a constraint on the total transmit power.
- The EE contours obtained using each decoding policy achieve different 
rate points, and therefore have different shapes, but converge to the same 
optimal EE point.
Optimal operating points are identified based on system targets such as 
QoS and rate-faimess.
The fundamental difference between energy-efficient design in the MAC 
and BC is highlighted.
The EE function of the downlink channel is simplified using Taylor series (TS), 
where the transmit power function is approximated as a finite sum of terms, and a 
closed form solution is obtained.
• The EE of the BC is investigated, where a realistic linear power model is used to 
define the total power consumed at the BS, encompassing circuit and processing 
power, amplifier efficiency and transmit power.
- Energy-efficient design is initially implemented on the 2-user case, where 
the combined effect of circuit power and amplifier efficiency coefficient is 
investigated on the EE of the system.
- Using EE contours, the trade-off between EE and SE is highlighted.
The study is then extended to the general K-user case, where the standard 
EE maximization scheme is compared with a spectrally-fair scheme.
- The network EE is investigated by increasing the number of active users 
and cell radius.
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1.2.1. List of Publications
In the course of this PhD, the following publications have been produced:
Journal Papers:
1. A. Akbari, M. A. Imran, R. Hoshyar, A. Amich, and R. Tafazolli, “Average 
Energy Efficiency Contours with Multiple Decoding Policies,” IEEE 
Communications Letter, vol. 15, no. 5, pp. 506-508, May 2011.
2. A. Akbari, M. A. Imran, R. Tafazolli, and M. Dianati, “Energy Efficiency 
Contours for Single-Carrier Downlink Channels,” IEEE Communications Letter, 
Accepted, in publication queue.
3. A. Akbari, F. Heliot, M. A. Imran, and R. Tafazolli, “Energy-Efficient Design for 
Broadcast Channels Using Realistic Power Models,” IEEE Transactions on 
Wireless Communications, submitted, under review.
Conference Papers:
1. A. Akbari, R. Hoshyar, and R. Tafazolli, “Energy-efficient resource allocation in 
wireless OFDMA systems,” in proc. IEEE Personal, Indoor and Mobile Radio 
Communications. PIMRC 2010, pp.1729-1733, Turkey, Istanbul, Sept. 2010.
2. A. Akbari, M. A. Imran, R. Hoshyar, and R. Tafazolli, “Average Energy 
Efficiency Contours for Single Carrier AWGN MAC”, in proc. IEEE Vehicular. 
Technology Conference. VTC 2011, pp. 1-5, Hungary, Budapest, May 2011.
3. A. Akbari, M. A. Imran, and R. Tafazolli, “Maximizing Average Energy 
Efficiency for Two-user AWGN Broadcast Channel,” in proc. IEEE Future 
Network & Mobile Summit. FNMS 2011, Poland, Warsaw, June 2011.
4. A. Akbari, M. A. Imran, and R. Tafazolli, “Weighted Average Energy Efficiency 
Contours for Uplink Channels,” IEEE International Conference on 
Communications (ICC 2012), Greenetworking Workshop, submitted, under 
review.
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1.3. Structure of Thesis
The remainder of this thesis is organised as follows;
Chapter 2: “Literature Review”
The chapter reviews the state of the art on channel capacity, resource optimization and EE 
of wireless networks. More precisely, in the first step, the fundamental studies on the 
information theoretic channel capacity of both uplink and downlink channels are 
reviewed. This is followed by a thorough review of resource optimization, which involves 
efficient utilization of scarce wireless radio resources based on throughput maximization, 
power minimization and rate-faimess. Next, the most commonly used EE metrics in 
wireless communications are reviewed, where the bit-per-Joule metric is shown to be the 
most suitable from an information-theoretic point of view, and therefore used in the 
results presented in this thesis. Some of the fundamental trade-offs essential to energy- 
efficient designs, such as bandwidth-power, delay-power and EE-SE are also identified. 
And finally, a thorough review of the state of the art on energy-efficient design in UEs 
and BSs is given.
Chapter 3: “Energy Efficiency Contours for Uplink Channels”
In this chapter, the average EE is defined as the optimization metric for a multi-user 
uplink channel, also known as MAC, where each user has an individual transmit power 
constraint. Based on the assumption of using a successive interference cancellation (SIC) 
receiver, multiple decoding policies are employed, with each being used to calculate the 
transmit power and average EE for a fixed data rate. For each rate point, a framework is 
employed to identify the decoding policy achieving the highest EE. Using this approach, 
EE contours are introduced as a novel technique for locating the optimal operating point 
based on different system requirements: Maximum EE, a trade-off between maximum EE 
and rate fairness, achieving EE target with maximum sum-rate and achieving EE target 
with fairness.
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The effect of the disparity in channel gain of users on the system EE is investigated, 
where the shape of the EE contours are shown to change for different channel gain ratios. 
Next, the EE function is approximated using TS, where the transmit power function is 
approximated as a finite sum of terms, providing a closed form solution. The study is 
further extended by investigating the weighted average EE of the system, where users are 
prioritized based on different criteria such as channel gain and available battery. 
Weighted average EE contours are obtained for three different scenarios, where the trade­
off between EE and fairness is investigated.
Chapter 4: “Energy Efficiency Contours for Downlink Channels”
This chapter studies the achievable rate regions of a 2-user AWGN BC under TD, FD and 
SPC, where the optimal energy-efficient rate points are located according to a comparison 
metric based on the average EE of the system. In addition to the transmit power, circuit 
power and signalling power are also incorporated in the power model.
The SPC scheme is used to obtain the EE contours using multiple decoding policies, with 
each being used to calculate the transmit power and average EE for a fixed data rate. For 
each rate point, a framework is employed to identify the decoding policy achieving the 
highest EE. The shape of the EE contours are compared, with results demonstrating the 
difference in the achievable rate points using either decoding policy, and highlighting the 
fundamental difference between energy-efficient design in the uplink and downlink 
channels. Next, the EE function is approximated TS expansion, where the transmit power 
function is approximated as a finite sum of terms, providing a closed form solution.
Chapter 5: “Energy Efficiency of the Downlink Channel using Realistic Power 
Models”
This chapter investigates the EE of multi-user BCs where a realistic linear power model is 
used to define the total consumed power, encompassing the BS transmit power as well as 
the circuit and processing powers of both BS and UE. At the first stage, the effect of the 
amplifier efficiency coefficient is investigated on the achievable system EE of the 2-user 
case, which is followed by the relation of the circuit power, amplifier efficiency
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coefficient and EE. Next, EE contours are used to highlight the trade-off between EE and 
SE. The EE of the multi-user system is maximized both with and without fairness, where 
the performance is initially observed by increasing the number of active users in the 
network, and next, by increasing the cell radius.
Chapter 6: “Conclusion and Future Work”
This chapter provides a conclusive summary of the findings acquired by the work 
presented in previous chapters. Furthermore, future research suggestions are proposed as 
an extension to the work presented in this thesis.
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Chapter 2
Literature Review
This chapter reviews the state of the art on channel capacity, resource optimization and 
EE of wireless networks. More precisely, in the first step, the fundamental studies on the 
information theoretic channel capacity of both uplink and downlink channels are 
reviewed. This is followed by a thorough review of resource optimization, which involves 
efficient utilization of scarce wireless radio resources based on throughput maximization, 
power minimization and rate-faimess.
Next, the most commonly used EE metrics in wireless communications are reviewed, 
where the bit-per-Joule metric is identified as the most suitable from an information- 
theoretic point of view, and therefore used in the results presented in this thesis. Some of 
the fundamental trade-offs essential to energy-efficient designs, such as bandwidth- 
power, delay-power and EE-SE are also identified. This is followed by the review of 
different applications of contours in general, and the introduction of EE contours.
And finally, a thorough review of the state of the art on component-level energy-efficient 
design is given, where EE of UEs and BSs are investigated in detail.
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2.1. Information Theoretic Channel Capacity
Information theory was developed by Claude Shannon as a mathematical framework for 
studying the limits for reliable communications [18]-[20]. These revolutionary ideas have 
evolved over time, where today, sophisticated modulation and coding strategies allow 
data rates very close to Shannon’s capacity with very low probability of error [21].
It is important to note that the Shannon capacity places no constraint on the complexity or 
delay of the system [22]. Therefore it can be used as an upper-bound on the maximum 
SE, which can be achieved over a given channel [23]-[24].
For an AWGN channel, the single-user capacity in bits-per-second (bps), is given using 
the Shannon formula as [18]:
— B Ioq2 ^1+0 ) (2.1)
where, P is the transmit power, B is the total bandwidth of the transmitter, Nq is the 
power specral density (PSD) of the noise and g  represents the channel power gain from 
the transmitter to the receiver.
There are two types of multi-user channels; uplink channel and downlink channel. Uplink 
channel, also known as MAC in information theory and this thesis, is referred to the 
transmission from multiple UEs to a single BS. On the contrary, downlink channel, also 
known as BC, is referred to the transmission from as single BS to multiple UEs.
At the first glance, the MAC and BC may appear to be very similar, but in actual fact, 
they are very much different. One fundamental difference comes from the fact that in the 
BC, the signal intended for each user and the interference from other users signals reach 
the user from the same channel, whereas in the MAC, they come through different 
channels. Secondly, in the MAC, each UE has an individual power constraint whereas in 
the BC, there is a single power constraint on the BS [25].
This thesis focuses on multi-user systems, where the resources are divided between 
multiple users. When multiple users share the same channel, the channel capacity is 
characterized by a capacity region, which contains the set of rate points such that all users
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can simultaneously transmit with arbitrarily small error probability, which are re-visited 
in subsequent sections.
2.1.1.Uplink Channel Capacity
The MAC consists of K  transmitters, each with transmit power transmitting towards a 
single receiver over a channel with power gain The data rate of the user is given 
as:
R k < B  logz ( l  +  , k  = 1,2 K (2.2)
It should be noted that the sum of rates for all users cannot exceed the capacity of a point- 
to-point AWGN channel with received power equal to the sum of received powers from 
all users [21]. This is also demonstrated in the formulation of the capacity region of the k- 
user Gaussian MAC which was shown in [28] to be:
Cmac(.P: g ) = | ( « 1  R k ) - log2  ^1 + (2-3)
where, g  = [gi,g 2 , ...,p%] and P = [pi,P2 » - ‘>Vk\ represent the channel gain and power 
constraint vectors respectively.
An optimal multiple access strategy in the uplink channel is for all users to spread their 
signal across the entire bandwidth. However, rather than decoding every user signal and 
treating the interference from other users as noise, an SIC receiver can be used to achieve 
capacity. In a standard point-to-point transmission, the capacity of a channel acts as an 
upper-bound (i.e. reliable communication is possible at rates less than the capacity). With 
two users in the system, this is extended to a capacity region, which contains the set of 
rate pairs such that both users can simultaneously transmit. An example of the capacity 
region of the 2-user uplink AWGN channel can be seen in Figure 2-1, which is set by the 
two constraints in (2.2) and (2.3), and is obtained using an SIC receiver in two stages:
15
Chapter 2. Literature Review
Figure 2-1: Capacity region for 2-user MAC
1) Assume User 2 is decoded first, where the signal from User 1 is considered as 
Gaussian interference. Therefore User 2 can send data at rate Rl with arbitrary 
small error probability.
2) In the second stage, the BS receiver subtracts User 2’s signal from its aggregate 
received signal, with the remaining message component being User Us signal 
corrupted by noise.
Therefore, comer point {R^, R2 ) is achievable, where R  ^ is given in (2.2), and R2  is 
derived as follows:
( - S )
)B + pipi
By reversing the order of the cancellation, the same approach can be used to find R^:
V i9i + V292
(2.4)
V i9i
(2.5)
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The set of achievable rates include (R^, 0) and (0,/?2)> which correspond to two extreme 
scenarios where one user transmits at its maximum rate, with the other remaining silent. 
Any point along the straight line connecting points (R-^ , R2 ) and (Rl, R2 ) will maximize 
the sum-rate, and can be achieved by timesharing or an alternative technique known as 
ratesplitting [29]. However, some operating points are unfair, especially if the received 
power of one user is much larger than the other, in which case, operating at the comer 
point in which the strong user is decoded first would be optimal [30].
2.1.2.Downlink Channel Capacity
The BC consists of a single transmitter, sending different data streams to K  receivers. The 
AWGN downlink channel rate region can be characterized using techniques such as TD, 
FD and SPC [26]. This section characterizes the 2-user AWGN BC rate region using 
equal power TD, FD and SPC, and provides the K-user BC capacity region.
- Equal Power Time-Division
In this scheme, the entire transmit power and bandwidth are allocated to User I for a 
fraction a of the total transmission time, and the remainder to User 2. The union of all 
achievable rate pairs provide the TD rate region, which is a straight line connecting the 
single user bound of points R-^  and R2 . The TD rate region was shown in [21] to be:
C t d =  [J («1 =  « 6 ( 0 5 2 ( 1 + ^ ) , «2 =  ( l - a ) B ( 0 5 2 ( 1 + ^ ) )  (2.6)
0 < a < l  °  °
In cases where, as well as allocating a fraction of the time slot to each user, the transmit 
power of each user is also varied based on an average total power constraint, the average 
power constraints of each user becomes:
P =  ap i +  (1 -  d)p2 (2.7)
This will define the rate region of the un-equal power TD, where it was shown in [31] to 
equate to the rate region of the frequency division schemes.
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- Frequency-Division
In frequency division, the total transmit power and bandwidth are allocated to both users 
subject to total power and bandwidth constraints such that;
P =  Pi +  P2 (2.8)
P = Pi +  P 2 (2.9)
where, p^ and are the transmit power and bandwidth allocated to the user.
The union of the rate regions of the fixed FD over all possible bandwidth divisions 
provides the FD achievable rate region [21].
C f d =  U  ( 6 ,  =  ( 0 5 2  ( 1  +  ,  ^ 2  =  6 2  ( 0 ^ 2  ( 1  +  ( 2 . 1 0 )
P = P l + V 2  V 2. \  /
B=Bi +B2
The achievable FD rate region exceeds the rate region of the equal power TD. On the
other hand, when pi = pg, the FD rate region reduces to the equal power TD.
- Superposition Coding
The SPG scheme exploits scenarios where the channel power gain of one user is greater 
than the other, and the transmitter has knowledge of the channel gains of both receivers.
Depending on the channel quality of users, the SPC schemes performance varies:
- When Pi > P2 , User I can correctly receive User 2’s signal, which it will then 
decode and subtract out to decode its own signal.
On the other hand. User 2 cannot decode User I ’s message, which is why the 
received signal of User 2 will have an added noise term originating from User I ’s 
signal.
The SPC rate region was shown in [31] to be:
Cspc=  U  (ffi =  B 1092 ( i + ^ ) . R 2 = B  1092 ( l  +  (2.11)
P—P1+P2
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The work in [27] showed that when Pi > P2 » the rate region of SPC exceeds that of FD
and TD. To be more precise, (2.11) gives the maximum achievable rate pair, which is
why it is also referred to as the BC capacity region (Cbc).
The SPC scheme can be extended to the /f > 2 case, which is done by ordering users 
relative to their channel gains such that g%> Q2 > '" > 9 k ‘ Based on this ordering, the 
SPC will have K levels, such that the level with the most interference can be detected by 
the users with the worst channel condition [21]. In other words. User 1 will achieve its 
single user bound. User 2 will have a noise term form User 1, User 3 will have noise 
terms from both User 1 and 2, and so on.
Therefore, the K - u s q v  capacity region is shown as:
y  (<“■ "iwiSis)) <^'^>
P-Ljc=iPk
Figure 2-2 illustrates an example of the rate region of AWGN BC by employing TD, FD, 
and SPC. The maximum transmit power is set to 0.1 W, system bandwidth 100 KHz, and 
Mo = 10-9 W/Hz.
In part (a). The channel gain of User 1 has be chosen to be much higher, which is why 
the achievable rate region of the FD scheme exceeds that of the equal power TD, and the 
SPC scheme outperforms both TD and FD.
In part (b), the channel gain of User 2 is increased and as a result, the TD and FD capacity 
regions can be shown to be almost identical. In actual fact, when = pz, all spectrum 
sharing methods have the same rate region.
The work in [25] shows that the Gaussian MAC and BC are duals of each other, provided 
the bi-directional links have the same channel gains and noise statistics in both directions, 
and that the sum of individual power constraints in the MAC equals the power constraint 
in the BC. In other words, duality implies that the capacity region of the MAC can be 
obtained from its dual BC.
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Figure 2-2: Downlink rate regions using TD, FD, and SPC
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Up to now, capacity regions have been used for providing the achievable rate points that 
can be maintained by all users simultaneously transmitting with arbitrary small error 
probability. None however, use them as a mean of obtaining the achievable rate points 
from an EE point of view. This thesis uses the capacity region of both the MAC and BC, 
and finds the achievable rate points within this region that maximize EE alongside other 
system targets such as rate-faimess and QoS.
2.2. Resource Optimization
The increasing interest in multimedia applications and high data rate services has led to a 
growth in the development of wireless communications. One of the most fundamental 
issues in wireless networking is resource optimization, which involves efficient utilization 
of scarce wireless radio resources based on different criteria such as throughput 
maximization, power minimization and rate-faimess. This section reviews the state of the 
art on resource optimization.
2.2.1.Power Minimization
The continuous increase in the energy consumption of wireless networks has led to 
extensive research and development into reducing their power consumption. From a 
resource allocation point of view, the objective in power minimization is to achieve the 
minimum overall transmit power given a minimum QoS requirement.
The work in [32] tackles the power minimization problem in the BC by employing 
Lagrangian relaxation for solving the subcarrier allocation problem. Despite the 
significant gain over static subcarrier allocation strategies such as OFDM time-division 
multiple access (TDMA) and OFDM frequency-division multiple access (FDMA), the 
algorithm was found to be computationally intensive and hence difficult to implement in 
practical systems. This was due to the non-linear nature of the optimization problem and 
large transmission overheads.
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The same power minimization problem was tackled in [33], where the non-linear 
optimization problem was transformed to a linear problem. Proportional constraints were 
also employed in terms of rate ratios to ensure that each user achieves their target data 
rate. The main focus of this paper was on improving the bit and power allocation 
algorithm, where the computational complexity of the optimization was also reduced.
Similarly, Wong et a l proposed a subcarrier-allocation algorithm for the BC OFDM in 
[34], where the total transmit power was minimized. A real-time heuristic algorithm 
based on iterative improvement was proposed where the results were shown to be close to 
the optimal allocation, with less complexity.
One of the main advantages of OFDM systems is the ability utilize power and rate 
allocation among subcarriers using water-filling [35]. The authors in [36] follow a similar 
approach and propose a power allocation scheme which achieves performance close to 
the optimal with much lower complexity. A single cell downlink channel is considered, 
with results showing an efficient use of transmission power and bandwidth.
Different power allocation methods have been proposed in literature, but the solutions are 
either sub-optimal and computationally efficient, or optimal but slow for real-time 
implementation. The work in [37] tackles this issue and presents a practical and efficient 
integer-bit power allocation algorithm for discrete multitone modulation, where efficient 
lookup table searches and Lagrange multiplier bisections are used for fast convergence to 
the optimal solution.
2.2.2.Rate Maximization
The recent strong rise in data traffic has led to further research in maximizing the data 
rate of wireless communications. This class of optimization is called rate maximization, 
where the objective is to maximise each users error-free capacity with a constraint on the 
total transmit power.
Such optimization problems are non-linear, and hence, computationally intensive. The 
work in [38] transformed the problem into a linear optimization problem, where integer
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programming was used for maximizing the rate. However, the complexity of this method 
still showed to exponentially increase with the number of constraints and variables.
The authors in [39] showed that the sum capacity is maximized by assigning each sub­
channel to the user with the best channel gain, with the power distributed using water- 
filling. However, this method does not consider fairness, and in cases where users have 
disparate channel gains, the strong user will be allocated most of the resources for a long 
portion of time.
In [40], the rate maximization problem is tackled using a Max-Min problem, where by 
maximizing the capacity of the least satisfied user, it is assured that all users achieve a 
similar data rate. However, this method showed to only provide maximum fairness among 
users, where in most wireless systems, different users require different data rates, which 
may be accommodated by allowing users to subscribe to different levels of services.
A similar approach is taken in [41], where a notation of fairness is incorporated in the 
optimization problem, but instead of maximizing the minimum user’s capacity, the total 
capacity is maximized subject to user rate proportionality constraints. The results show a 
significant reduction in the computational complexity and yield higher user data rates.
The work in [42] addresses the problem of low-complexity suboptimal power allocation 
by proposing a heuristic non-iterative method, and shows an improvement in the average 
bit error rate (BER) performance and rate-faimess of the system.
A low-complexity suboptimal algorithm is proposed in [43], where the total throughput of 
a downlink system is maximized with variable rate constraints. However, this low 
complexity is achieved by assuming equal power for each subcarrier.
2.2.3. Rate-Fairness
It is well-known that the maximum long-term average throughput is achieved by only 
allowing the user with the best channel gain to transmit on each time-frequency interval 
[44]. However, this strategy is undesirable in a cellular environment where users are 
located at different distances from the BS, where only the user closest to the BS will be 
able to transmit, making the resource allocation process extremely unfair. To tackle this
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problem, many scheduling algorithms maximize the long-term average throughput subject 
to a fairness constraint.
On the other hand, rate-faimess can potentially impose a hard constraint on the 
optimization process, which can conflict with the objective, i.e. power minimization or 
rate maximization, where inevitably a cost has to be paid for supporting the data rate of 
the weak users. Therefore it is fair to say that rate-faimess focuses on per-user satisfaction 
rather than optimizing the SE. However, long-term rate-faimess leaves a degree of 
freedom in the time domain for allocation of rates on an adaptive basis, and yet still 
addresses the efficiency of the system [45].
Amongst these techniques, proportional fair scheduling algorithms have posed many 
desirable properties and are adopted in delay-tolerant communication systems [46]. Other 
examples of proportional fair resource allocation are given in [33] and [41].
Based on the discussion above, it can be seen that proportional fair schemes are better 
suited when the transmission time is also considered, which is not the case in this thesis, 
therefore other faimess measures need to be considered. Other well-known resource 
allocation schemes are the max-min [40], and Jain’s faimess [47]- [48] measure. In the 
former, by maximizing the capacity of the least satisfied user, it is assured that all users 
achieve a similar data rate. In the latter, a normalized square mean is obtained such that 
the data rate is mapped to a normalized range between 1/K  and 1, corresponding to the 
minimum and maximum faimess respectively, where K is the number of users. In this 
thesis, Jain’s faimess index will be used for equal allocation of rates between all active 
users in the system.
2.3. Energy Efficiency
The continuous increase in the energy consumption of wireless networks has led to 
extensive research and development into ''green communications”. Many research 
projects on green communications have been initiated over the past few years. For 
instance. Energy Aware Radio and neTwork tecHnologies (EARTH) [3], is one of the 
integrated projects under European Framework Program 7 which started in January 2010, 
and aims at reducing the overall energy consumption of mobile broadband networks by
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50%. In the UK, Core 5 of mobile VCE [49] has started the green radio program in 2009, 
studying the energy consumption issues for wireless networks. And more recently, a 
consortium of leading ICT industry and academic experts called GreenTouch [50] have 
commenced research on green communications and set to increase the network EE by a 
factor of 1000 (from current levels) by 2015.
The primary study of energy-efficient point to point links can be traced back to [51], 
where the authors show that the minimum received bit-energy normalised by the noise 
spectral level can be achieved in the AWGN channel by pulse position modulation (PPM) 
with vanishing duty cycle when the receiver employs threshold detection. A restatement 
of [51] is given in [52], where the capacity in bits-per-Joule is given for a single link on 
fiat fading and frequency selective AWGN channels. The main problem formulation in 
this case is based on two points: transmitting enough power to overcome the high 
transmission loss and using signal coding to maximise the received signal level per bit.
A similar approach is taken in [53] and [54], where the authors investigate uplink energy- 
efficient communications in OFDMA systems by improving the utilization of mobile 
energy in fiat fading and frequency selective fading channels respectively. In addition to 
the transmit power, circuit power is also considered in the energy-efficient design, where 
both link adaptation and resource allocation schemes are developed for optimizing the 
overall bits transmitted per joule of energy.
Circuit power is usually modelled as a constant and independent of the transmission rate 
[55]. Recent studies however, have modelled the circuit power as a linear function of the 
data rate [56]. Both methods however, have come to the same conclusion that circuit 
power plays an important role in the EE of wireless networks, and cannot be neglected in 
system designs.
In [57], Miao et al. study the bit-per-joule measure for a two-user network with ideal user 
cooperation, and further extend it to a practical non-cooperative scheme, and develop an 
energy-efficient power optimization scheme for interference-limited communications. 
Both transmit and circuit powers are considered, with the simulation results showing an 
improvement in the system EE.
The minimum energy requirement for information delivery in large wireless networks has 
been previously studied in literature. An information theoretic definition of the bit-per-
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joule capacity is given in [58], where for a fixed network size, a finite number of 
information bits are delivered for each source-destination pair under a fixed end-to-end 
probability of error. In [59], a linear program solution is determined for bounding the 
minimum required energy for multicast communications. The authors in [60] follow a 
similar approach and present a comprehensive study on the minimum energy required for 
achieving various targets. Closed form bounds are presented, with the results 
demonstrating the relation between energy consumption and network parameters.
Alongside increasing the EE of the system, faimess plays an important role in wireless 
networks. Previous studies have also investigated fair energy-efficient resource allocation 
in wireless networks. In [61] for instance, the authors consider energy-efficient resource 
allocation, which minimizes the general cost function of average power of users for 
wireless sensor networks.
2.3.1.Common Metrics
Up to now, the classic optimisation criterion for wireless networks has been maximising 
SE (measured in bits/s/Hz), but with huge economic and environmental gains at stake, 
much interest has been recently shown towards maximizing the EE. The European 
telecommunications standards institute (ETSI) technical committee on environmental 
engineering [62] has initiated some work on the standardization of EE metrics for mobile 
cellular networks. This section reviews some of the most common EE metrics and 
highlights their applications.
A common EE metric used in cellular networks is the energy consumption ratio (ECR) 
[63]-[64], measured in Joules-per-Bit, where the energy consumed in the entire network 
over the aggregate capacity is measured. In other words, a network is assumed to be more 
energy-efficient if it can transport more data using the same energy budget. Since this 
measure relates the cost (energy) to the utility (bits), it is more suitable to be assessed at 
full loads, whereas at low-loads, the W/m^ metric can be more relevant since the main 
objective is to minimize the power consumption over a specific coverage area [66]. The 
ECR metric is also employed in [65], where a high-level methodology is suggested based 
on power-saving strategies, and a formal EE criterion is proposed for network equipment.
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Humar et a l show the reciprocal relation of EE and ECR in [67], where a high ECR 
translates to a low EE, and vice versa. A power-down strategy is proposed where energy 
savings are obtained by shutting down some of the BSs when the load traffic of the cell is 
low. On the other hand, the other active BSs need to increase their transmission range by 
increasing the transmission power in order to cover the entire area. Additionally, 
embodied energy is also considered in the ECR metric, with the results also compared 
with the bit-per-joule metric.
Some studies also take into account the communication distance as well as the data rate, 
where the modified EE metric is given as bit-meter-per-joule [68]. This metric provides a 
clear understanding of the efficiency of reliably transporting the desired bits over a certain 
distance per unit energy. For cellular area coverage, this metric is modified to bits-per- 
joule-per-unit area [69].
The EE study presented in this thesis is based on the bit-per-joule metric, which is the 
most widely used from an information theoretic point of view, since it indicates how 
efficiently energy is consumed for transmitting information. In other words, the bit-per- 
Joule metric measures the transmission of a finite number of bits over a network with 
limited energy, which is one of the main differences between throughput and EE 
maximisation [58].
The primary study of energy-efficient point to point links using the bit-per-joule metric is 
given [51], where it is shown that the minimum received bit-energy normalised by the 
noise spectral level can be achieved in the AWGN channel by pulse position modulation 
(PPM). More recent studies on EE using the bit-per-joule metric can be seen in [53]-[58]. 
The work in [70] gives a thorough review of the literature on physical layer energy- 
efficient communication for the best transmit and/or receive policies which maximize the 
number of bits that can be conveyed over a channel per unit energy consumed.
2.3.2.Fundamental Trade-offs on Energy Efficiency
The global trend towards energy savings and environmental protection has led to 
extensive research and development into EE-oriented designs. However, it is also 
essential to take into account other performance measures alongside EE. This section
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identifies some of the fundamental trade-offs essential to energy-efficient designs, such as 
bandwidth-power, delay-power and EE-SE.
Bandwidth and power are two of the most important resources in wireless 
communications, which have a monotonie relation. For a given transmission rate, a higher 
bandwidth is desired such that transmit power is reduced and the EE increased [71]. The 
same trend is shown in wireless systems, where for example in global system for mobile 
communications (GSM) systems, bandwidth per subcarrier is 200 KHz, for universal 
mobile telecommunication system (UMTS) it is 5 MHz, and for future wireless systems 
such as long term evolution (LTE) it is 20 MHz [71].
Detailed analytical study on the power-bandwidth trade-off in the power-limited regime 
has been studies in [64] in the context of point-to-point single user communication, and 
extended to multi-user in [72].
Delay, also known as service latency, is a measure of QoS and user experience. For point- 
to-point transmission over AWGN channel, the well-known Shannon formula indicates 
the number of information bits {R) transmitted per second (s), or in other words, it takes 
1/R  seconds to transmit a bit. Therefore there exists a monotonically decreasing relation 
between per bit power and delay. In practical scenarios where circuit power is also 
considered, the trade-off is no longer a simple monotonie curve, rather, it will be cup­
shaped as shown in [71].
Recent works have investigated delay constraints and their impact on communications 
over fading channels more explicitly. Example of such work can be seen in [73], where 
the trade-off between the average transmission power and average delay is identified. The 
work in [74] follows a different approach and considers statistical QoS constraints and 
studies the EE of system under such limitations.
Such analysis is desirable in real-time services such as multimedia video conferencing 
and live broadcasting, where delay is considered as the main QoS metric. In this thesis, 
the information theoretic study of EE is considered for a single time-frame, therefore 
delay is not considered in the results presented in subsequent chapters.
In the past, performance of wireless networks have been mainly categorized by SE, 
defined as the system throughput for unit bandwidth. In recent years, energy savings have 
become a global trend, hence the importance of EE as a metric for network performance
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evaluation. Unfortunately, SE and EE are not consistent and in fact conflict with one 
another [71], hence the need for a trade-off. The EE-SE trade-off in cellular networks acts 
as a guide for operators for obtaining the best performance based on the primary target of 
the system, i.e. either towards EE or SE of the system.
Shannon’s capacity formula illustrates the existence of a trade-off between SE and EE for 
point-to-point AWGN channels. However, EE can only be obtained at the cost of infinite 
or huge bandwidth, which results in zero or very low SE [75]. The EE bounds derived 
from the information theoretic analysis may not be achievable for practical systems due to 
factors such as imperfect channel knowledge and circuit power consumption.
The work in [76] demonstrated that in practical systems, the addition of the circuit power 
will break the monotonie relation of EE and SE. The EE-SE trade-off curve was shown to 
be cup-shaped without considering circuit power, and bell-shaped with circuit power, 
with the EE decreasing with circuit power.
In [77], the EE-SE trade-off is addressed in downlink OFDMA networks, where a general 
framework is introduced, also discussing the impact of channel power gain and circuit 
power on the EE-SE relation. In multi-cell scenarios, inter-cell interference or inter-user 
interference can break the fundamental assumptions made for the point-to-pint case. The 
work in [57] demonstrated that the interference power generated by the neighbouring 
cells reduces the maximum achievable EE and also degrades the SE and EE of the 
system.
Previous studies on the EE-SE trade-off are based on the sum-rate, which is why further 
investigation is required in order to obtain deeper insight into such relations. This thesis 
aims at introducing a novel method for the EE-SE trade-off such that individual rate 
distribution of users are also highlighted.
2.3.3. Contours
For a function of two variables along the x, y-plane, a contour line defines the curve along 
which the function f ( x ,y )  has a constant value [78]. Contour maps have many 
applications with the most common representing the elevation as a function of position in 
a two-dimensional geographic region, also known as a topographic map [79]. Contour
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maps are also widely recognized as a comprehensive method to visualize sensor fields in 
wireless sensor networks [80], where a topographic map displays the layered distribution 
of the attributes (e.g. height) over the field.
The work in [81] employs capacity contours to plot the feasible number of macrocell and 
microcells users in the uplink channel. A similar approach is taken in [82], where the 
authors evaluate a network-wide SE metric called the operating contour, defined as the 
feasible combinations of the average number of active macrocell users and femtocell BSs 
per cell-site that satisfy a target outage constraint.
So far, we have highlighted some of the many applications of contour plots which have 
been addressed in literature. However, none have used contours for investigating the EE 
of wireless networks. In this thesis, we introduce EE contours as a novel way of obtaining 
the optimal operating point of the system based on different system requirements.
Figure 2-3 depicts an example of EE contours where, the data rate of User 1 and 2 are 
variables % and y  respectively, and /(%, y) defines the EE contour, where f{x ,y ') = c (c 
being a constant) corresponds to a single contour. In other words, EE contours are the 
collection of all rate-points achieving the same EE value. The concept of EE contours are 
thoroughly investigated in Chapters 3, 4 and 5.
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Figure 2-3: Energy efficiency contours
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2.4. Component-level Energy-Efficient Design
A cellular network consists of numerous components, each having an effect on the total 
power consumption of the network. The primary focus of this thesis is on the power 
consumption of BSs and UEs, where new enhancements are identified on the software 
and hardware side of each component in order to make them more energy-efficient. This 
section reviews the state of the art on EE of both UEs and BSs.
2.4.1. User Equipment
UEs are used for making and receiving voice/data calls, and have recently become an 
integral part of our lives. Recent smart phones feature relatively large screens and offer 
multi-media applications at the expense of more power consumption, which is why much 
interest has been diverted towards employing new energy saving designs in both 
hardware and software [83], [84]. Although the latest UEs provide a better user 
experience, most of the new applications require a substantial amount of user interaction, 
which is usually handled by the graphical user interface (GUI). The work in [85], [86] 
characterizes the energy consumption of different GUIs, and states the potential impact of 
GUI on EE. Some studies have looked into the EE of mobile terminals by proposing 
techniques to adjust the display resolution, contrast and brightness [87], [88].
With the emergence of smart phones, the visual contents and quality of displays have 
become extremely important in the design of mobile devices. New games and 
applications require 3-dimensional (3D) graphics, created by specialized hardware called 
graphics processing units (GPU), which are used for rendering high quality images, but at 
the cost of extra power consumption. Several techniques such as clock gating, voltage 
scaling and high-level algorithmic changes have been identified in [89]-[90] on the 
circuit-level for lowering the power consumption in the GPU of UEs.
Due to the mobile nature of wireless devices and limited power sources, much interest has 
been shown in minimising the power consumption of processing units [91]-[93]. Mobile 
devices require having a small form factor for portability and are powered by batteries. 
On the other hand, battery technology is improving at a much slower rate compared to the
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energy demand, which is why the gap between energy demand and battery capacity is 
increasing exponentially [75].
Although new battery technologies have been introduced, users are still unsatisfied with 
the short battery lifetime of mobile devices. A typical mobile device should weigh no 
more than 340 grams, with the battery comprising a third of this figure [94]. Another 
important factor is the time between recharging, with Lithium-ion batteries currently 
providing the highest capacity of approximately 90 Whr/Kg [95].
In order to provide longer use-time on the batteries, it is important to make sure that the 
system of the mobile device uses as little energy as possible [89]. One deciding factor is 
the storage capacity of batteries per unit volume, which is increasing at a relatively slow 
rate of 5-10% per year [96]. However, even if there were no limits on the battery capacity, 
the power consumption of mobile devices still could not be infinitely increased. This is 
due to the small form factor of mobile devices, where higher power consumption will lead 
to an increase in the heat dissipation, making the device too hot [97].
Most of the research carried out on the EE of UEs has been focused on reducing the 
power consumption of the device. It is also important to take the embodied energy into 
account, where all the energy consumed in the production of a device, such as raw 
material, transport, assembly and installation is also considered.
According to a life-cycle analysis made by Nokia, 70% of the total energy use of a mobile 
phone takes place during the production phase as embodied energy [98]. Due to new 
technologies emerging each year, the typical use-phase of each mobile phone is 
considered to be two years [99]. Therefore by taking the power consumption of the 
production phase into account, huge environmental gains can be obtained by simply 
increasing the life-span of mobile phones.
2.4.2. Base Station
BSs take care of the radio frequency (RF) between the network and the users. As shown 
earlier, BSs consume the largest fraction of the energy in a typical mobile network [3], 
making them the prime target in energy-efficient designs. Figure 2-4 shows the major
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Main AC-DC Power Supply
Cooling
DC-DC
Figure 2-4: Major contributors to BS power consumption [100]
(DSP: digital signal processing, PA: power amplifier, BE: baseband, AI: Antenna Interface)
contributors to the power consumption of a typical BS. It should be noted that active 
cooling is only relevant to macro BSs and generally neglected in smaller BSs. This 
section looks into each component and highlights possible solutions for making them 
more energy-efficient.
- Power amplifier (PA)
The efficiency of a power amplifier (PA) is a measure of its ability to convert the DC 
power input into the signal power delivered to the load, computed as the total RF output 
power over the total DC input power. Power that is not converted to useful signal is 
dissipated in the form of heat. The power consumption of a typical macro BS could vary 
from 0.5 kW up to 2 kW [101], PAs having the highest impact due to the high antenna 
interface losses, which is why extensive research has been focused on improving their 
power efficiency [102]-[104]. Efficient PAs provide better circuit performance and 
require less cooling, thus increasing the EE of BSs. PAs operate at high DC power supply 
irrespective of the traffic load, which is why power is wasted for most parts of the day. 
Since PAs are designed for the rarely occurring high signal peaks, associated with a small 
average output power, they have low power efficiencies [105]. To tackle this 
shortcoming, signal clipping is used such that a lower peak-to-average power ratio
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(PAPR) is generated, making them more efficient. On the other hand, this method is only 
useful for maximum signal power, and therefore less efficient for low traffic loads. 
Previous studies have introduced Doherty amplifiers [106] and the Kahn technique [107], 
which utilizes a dual-path amplifier scheme. Similarly in [108], it was shown that a dual­
path amplifier minimizes the dc power consumption.
Digital techniques such as digital-pre-distortion (DPD) and crest factor reduction (CFR) 
have been combined to make PAs more energy-efficient, which also lowers the BS 
cooling requirement and OPEX [103]. To be more precise, by using CFR and DPD with 
Doherty power amplifiers at full load, up to 50% efficiency can be achieved [66]. The 
introduction of Doherty and gallium nitride (GaN) PAs, such as GaN-HEMT, in the latest 
technologies is expected to decrease the average power requirement per bit [109]. These 
devices have features such as high voltage tolerance, high switching speed, and low 
resistance, which makes them more functional compared to the LD-MOS FET which has 
been used so far [110].
Cooling Systems
In current BS designs, air conditioning and refrigeration is established as the main way of 
controlling the temperature in order to ensure reliable operation of the equipment.
Cooling systems are the second major power consumers in radio BSs, which mainly 
depend on environmental conditions. In macro BSs, the high output power may overheat 
some of the components, causing serious malfunctions. A solution is to allow a higher 
ambient temperature within BS cabinets, thus reducing the cooling required. Other 
possible identified solutions are using outdoor sites, and employing intelligent cooling 
systems for indoor sites by utilizing fresh-air cooling solutions [101]. This method has 
been investigated by Microsoft in the In Tent and Marlow projects [111], which involves 
leaving servers in the open-air, enabling easier heat dissipation. The same approach has 
been tested by Vodafone Germany, where 1,555 BSs have been deployed with fresh-air 
cooling, reducing the need for energy-intensive air conditioning [112].
Other possible solution for reducing the power consumption of cooling systems is by 
using high efficiency rectifier technologies, which convert AC to DC power with an
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efficiency of more than 95% [113]. This will reduce the electrical energy loss to half of 
the waste heat dissipation from the rectifier’s power conversion, making it possible to 
reduce the size of the air conditioning equipment, or in other words, significantly reduce 
the power consumption. By combining modem air conditioning techniques with high 
efficiency rectifier technologies, the energy savings will be high enough to pay back the 
high investments involved usually within 2 years [113].
- Digital Signal Processing and Baseband Engine
As shown before, PAs are the major power consumers in macro BSs, while baseband 
(BB) is less significant. On the other hand, [100] has shown that in smaller BSs such as 
Micro, Pico and Femto, the signal processing and BB energy dominate the overall 
electrical power consumption, and have proposed BB signal processing algorithms which 
dynamically adjust the energy consumption based on the communication environment 
and number of active links.
The digital signal processor (DSP) and BB engine significantly affect the power 
consumption of digital implementations in a BS, and are directly in relation to the BS 
capacity and number of supported subscribers. The BB engine and DSP perform functions 
such as digital up/down conversion, filtering, fast Fourier transform (fVT)Unverse fast 
Fourier transform (IFFT) for orthogonal frequency division multiplexing (OFDM), 
modulation/demodulation, DPD for large BSs (only in downlink), signal detection and 
channel coding/decoding, which shows the importance of incorporating EE in their 
designs [114].
In GSM and UMTS, around 36% and 57% of the power are consumed in the BB and RE 
subsystems respectively [115], [116]. Future UMTS standards employ complex signal 
processing techniques such as OFDM and multiple-input multiple-output (MIMO) in 
order to achieve high data rates over limited bandwidth, at the expense of high 
computational complexity and energy consumption [117]. As an example in LTE BB, 
channel decoding, MIMO detection algorithms and FFT/IFFT are extremely energy 
consuming [118], which is why it is extremely important to utilize their EE without 
compromising the throughput.
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- DC-DC and AC-DC Power Supply
PAs require a high quality power source with very low ripples in order to ensure optimum 
operation. This is achieved by adding a DC-DC converter in front of the RF PA, which 
allows the voltage on the terminals of the PA to be constantly regulated regardless of the 
power source [119]. However, this technique will incur additional cost and power 
consumption alongside the need for bigger BSs. The work in [119] proposed a new 
approach where, a single small DC-DC converter (as opposed to a full size DC-DC) is 
used in the RF PA, providing a fully regulated DC voltage in any condition, leading to 
less heat dissipation. Another technique used for high-bandwidth power converters is to 
use envelope tracking power supplies for RF PAs for high-bandwidth power converters, 
which was shown in [120] to substantially increase the power efficiency of PAs.
In order to connect any BS type to the electrical power grid, an AC-DC converter is 
required which will incur extra power losses [100]. Additionally, some equipment in the 
BS such as cooling systems may require un-interruptible AC power. This calls for the 
need of a highly efficient inverter in order to convert the DC voltage from the battery to 
the requested AC voltage [113].
- Antenna
Coverage is one of the key design issues in cellular networks, which is strongly linked to 
BS antenna design. Different factors such as antenna height, tilt, and azimuth are 
important configuration parameters which directly affect the system coverage and 
capacity. Techniques such as antenna down-tilting have been investigated such that the 
interference projected into other cells is reduced, whilst increasing the relative strength of 
the desired signal within the home cell, leading to an increase in the network capacity 
[121]. More specifically, [122] has defined the optimal tilt angle to vary between 6°-8°, 
providing a capacity gain of approximately 15% for macrocells. Similarly, it was shown 
in [123] that, directing the antenna beam pattern towards the cell edge with a shallow tilt 
can significantly reduce the transmit power for a given QoS.
New designs in antennas for spatial diversity and multiplexing techniques can 
significantly increase the coverage, SE, and capacity per antenna site [100]. For instance.
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for a given target data rate, the transmit power can be significantly reduced, resulting in 
increased overall network EE. Other works have shown that the EE and capacity of a BS 
can be enhanced by using segment directional antennas instead of Omni-directional 
antennas [124].
A more practical solution is the use of smart antenna arrays which require intelligent 
signal processing units, and can simultaneously concentrate the transmission towards the 
desired receiver, and significantly reduce the interference from other transmitters [125]. 
Additionally, by optimizing the antenna topology along with the feeding network, specific 
types of omnidirectional, sectorized or directional antennas can become more efficient, 
where in the case of printed antennas [126], this can be achieved by using new low loss 
materials like metal and dielectric materials [127].
2.5. Chapter Summary
This chapter studied the state of the art on channel capacity, resource optimization and EE 
of wireless networks.
The information theoretic capacity developed by Claude Shannon was studied for both 
uplink and downlink channels, where the channel capacity provided a mathematical 
framework for studying the limits for reliable communications. Next, the fundamental 
issue of resource optimization was addressed, where wireless radio resources were 
utilized based on throughput maximization, power minimization and rate-faimess.
EE was next addressed, where two of the most commonly used EE metrics in wireless 
communications were identified as the bits-per-joule and joule-per-bit metrics. The 
former was shown to be the most desirable from an information theoretic point of view, 
since it measures the transmission of a finite number of bits over a network with limited 
energy.
And finally, a thorough review of the state of the art on energy-efficient design in UEs 
and BSs were given, with new enhancements identified on components in order to make 
them more energy-efficient.
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Chapter 3
Energy Efficiency Contours for Uplink 
Channels
In this chapter, the average EE is defined as the optimization metric for a multi-user 
uplink channel, also known as MAC, where each user has an individual transmit power 
constraint. Based on the assumption of using an SIC receiver, multiple decoding policies 
are employed, with each being used to calculate the transmit power and average EE for a 
fixed data rate. For each rate point, a framework is employed to identify the decoding 
policy achieving the highest EE. Using this approach, EE contours are introduced as a 
novel technique for locating the optimal operating point based on different system 
requirements such as Maximum EE, a trade-off between maximum EE and rate fairness, 
achieving EE target with maximum sum-rate and achieving EE target with fairness.
The effect of the disparity in channel gain of users on the system EE is investigated, 
where the shape of the EE contours are shown to change for different channel gain ratios. 
Next, the EE function is approximated using TS, where the transmit power function is 
approximated as a finite sum of terms, providing a closed form solution. The study is 
further extended by investigating the weighted average EE of the system, where users are 
prioritized based on different criteria such as channel gain and available battery.
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Weighted average EE contours are obtained for three different scenarios, where the trade­
off between EE and fairness is investigated.
3.1. Introduction
This chapter consider an uplink channel, also known as MAC, consisting of K 
transmitters and a single receiver, as depicted in Figure 3-1. Each transmitter has an 
individual power constraint and channel gain gj^  associated with it. The transmitters 
and the receiver are assumed to have a single antenna, with the received signal being 
corrupted by AWGN with PSD No/2.
The rate of the user is given by the well-known Shannon formula [18] as:
k = 1,2, ...,K (3.1)
where, B denotes the system bandwidth.
An optimal multiple access strategy in the uplink channel is for all users to spread their 
signal across the entire bandwidth. However, rather than decoding every users signal and 
treating the interference from other users as noise, an SIC receiver can be used to achieve 
capacity. The MAC capacity region is revisited in Section 2.1.1.
UE 1
U E 2
BS
Figure 3-1: MAC system model
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3.2. Energy-Efficient Design in the Uplink Channel
Section 2.3.1 identified some of the most widely used EE metrics in literature and 
highlighted their applications. This section investigates the EE of a multi-user AWGN 
MAC using the bit-per-joule metric, which indicates how efficiently energy is consumed 
for transmitting information. In other words, the bit-per-joule metric measures the 
transmission of a finite number of bits over a network with limited energy.
Rather than decoding each user and treating the interference from other users as noise, an 
SIC receiver can be used to achieve capacity, where multiple decoding policies are 
employed which will be used for defining average EE contours.
3.2.1.Energy Efficiency Formulation
EE is defined as the number of bits transmitted per Joule of energy. In addition to the 
transmit power, some power is consumed in the circuitry or dissipated in the form of heat, 
which is defined as the circuit power, P^ .
In the MAC, multiple users transmit data towards a single receiver, therefore each link 
introduces an individual Pc. On the other hand in the BC, a single transmitter is sending 
data towards multiple receivers, and as a result, a single circuit power is accounted for. 
Throughout this work, it is assumed that P^  is a fixed value, independent of the 
transmission state and equal for all users.
The overall EE of user k is defined as
Rk
EEk = n . , ^ =  1,2,..., K (3.2)
where, is the data rate of user k.
Figure 3-2 shows the relationship between the overall consumed power (i.e. P^  + pf) and 
EE for a single user case. It is clearly seen that the EE increases as the overall consumed 
power is increased. However, this is true up to a certain power, after which the EE starts 
to decrease. This is the main idea behind energy-efficient design, where, a continuous
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Figure 3-2: Relationship between total consumed power and EE 
(B = 100 kHz, g = 0.01, No = lO ’ W/Hz, P, = 0.02 W)
increase in the transmit power will decrease the EE. Therefore, maximum EE is achieved 
by tuning the power according to the rate requirements of the system.
The comparison metric used in this study is based on the average EE of the system which 
is defined as:
K
EE,AV =4YK A uk=l EEk (3.3)
For each rate points, (3.3) is used to obtain the corresponding EE value. The collection of 
all points with the same EE^y value corresponds to an EE contour. Since EEj^y is the 
average EE of users, the contours are denoted as average EE contours.
3.2.2.Energy Efficiency Contours with Multiple Decoding Orders
Following the assumption of using an SIC receiver, the decoding order will define the 
transmit power of each user, which will equally affect the EE contours. To discuss the
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decoding policies, n  is defined as the permutation of the ordered sequence, where, uQc) is 
the À:* element of the permutation.
The following two decoding policies are considered:
Policy 1 ( ): This decoding policy Corresponds to scenarios where User K  is first in
the decoding list, which means that User K  can achieve its single user bound, with other 
users achieving a non-zero rate.
n  = (3.4)
Policy 2 ( )• This decoding policy reflects the reverse scenario to policy 1, where this
time User 1 can achieve its single user bound, whilst other users get a non-zero rate.
^ 2  : 7T = {1,2,...,%} (3.5)
Since it is assumed that an SIC receiver is employed, the user decoded last can achieve its 
single-user bound whilst other users experience some finite multi-user inference based on 
their position in the decoding order. The derivation of the capacity region of the 2-user 
case based on an SIC receiver is shown in Section 2.1.1.
The transmission rate of user k is given as:
where, the second term in the denominator represents the accumulated interference from 
other users according to their position in the decoding order.
Conversely,
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As highlighted earlier, each rate-point will lead to a specific EE value. The collection of 
all rate points with the same EE value define an EE contour. In other words, an EE 
contour will give all possible rate-point converging to the same EE value.
The EE contours of a 2-user AWGN MAC using decoding policy 1 and 2 can be seen in 
Figure 3-3 and Figure 3-4 respectively, where it is assumed that g  = [0.008,0.004], 
B = 100 KHz, Nq = 10-9 ^yH z and = 0.02 W.
Figure 3-3 depicts the EE contours for decoding policy 1, where User K  is first in the 
decoding list, i.e. experience no interference from other users. This can also be seen in the 
contour shapes, where they are diverted in favour of User 1. This implies that in order to 
achieve any desired EE value, a higher rate is available for User 1.
Figure 3-4 depicts the EE contours for decoding policy 2, where in this case. User 1 is 
first in the decoding list. The contour shapes are diverted in favour of User 2, allowing it 
to obtain a higher rate for any desired EE value.
The optimal data rates and maximum achievable EE using both decoding policies are 
given in Table 3-1. As seen, the maximum achievable EE value obtained using decoding 
policy 2 is higher compared to decoding policy 1, which is due to the fact that user 1 has a 
higher channel gain. This highlights an important feature of energy-efficient design in the 
MAC, where decoding the user with the higher channel gain first will lead to a higher EE.
Table 3-1: Optimal EE value of MAC with multiple decoding policies
Rx (Mbps) R2  (Mbps) Max. EE (Mbits/Joule)
0.142 0.074 22979
^2 0.135 0.092 23133
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Figure 3-3: Average Energy Efficiency with Decoding Policy 1
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The position of each user in the decoding order will specify the level of interference 
experienced from other users. Using (3.6) and (3.7), the data rate and transmit power of 
users are calculated respectively, which are then used in (3.2) and (3.3) to obtain the 
average EE of the system.
For a given rate vector, EE^y and EE^y denote cases where decoding policy 1 and 2 
have been chosen respectively. The optimal EE is obtained such that, the decoding policy 
that achieves the highest EE is chosen.
The optimal EE value is given as:
EEopt = (3.8)
where, the collection of all optimal rate points with the same EE value define an EE 
contour.
Table 3-2 summarizes the EE maximization framework which is used for finding the 
maximum achievable EE using different decoding policies, with the corresponding results 
given in Figure 3-5.
Table 3-2: Maximizing Energy Efficiency
f o r  (Rj, . . . ,R k)
From P i  and P 2 • Calculate corresponding [ pg ,..., Pk] 
Using (3.2), calculate EEi,..., EEk 
Using (3.3), calculate EEav
From (3.8): Find, EEopt =  max {EE^y^.EE^y)
Repeat for all rate pairs
end
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Figure 3-5: Average Energy Efficiency with Multiple Decoding Policies
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3.2.3.Disparity in Channel Gain
The EE contours depicted in Section 3.2.2 are obtained using average channel gains for 
each user. This section investigates the effect of the disparity between channel gains of 
users on the shape of the MAC EE contours.
In the MAC, multiple UEs transmit towards a single BS, therefore the signal intended for 
the receiver and interfering signals from other UEs come through different channels. 
However, rather than decoding every users signal and treating the interference from other 
users as noise, an SIC receiver is used to achieve capacity. As a result, the EE of the 
MAC can be maximized by allowing all users to transmit in proportion to their channel 
quality.
An example is given in Figure 3-6, with the same simulation parameters as section 3.2.2, 
and the average EE of the system set to 2.2 Mbits/Joule. It should be pointed out that all 
three contours achieve the same average EE value, but using different rate points. In order 
to demonstrate the effect of the channel disparity on the average EE of the system, the 
channel gain of User 1 has been fixed to 0.008, and the EE contours are observed using 
different channel gains for User 2.
0.4
=0.008, g^ -O.OOS 
— — — g^=0.008, g^ —0.006 
 g^=0.008, 02=0.004
0.3
X I
0.2
0.20.1 0.3 0.4
R1 (Mbps)
Figure 3-6: Effect of disparate channel gains on EE 
The channel gain of User 1 is constant and system EE is set to 2.2 Mbits/Joule
48
Chapter 3. Energy Efficiency Contours for Uplink Channels
Table 3-3: Maximum EE with different channel gain disparities
Data Rate (M bps) Max. EE (M bits/Joule)
Channel Gain *1 R2 EEj^y
=  0.008 Q2 =  0.008 0.1265 0.1185 2 J 0 5 7
Qx — 0.008 Q2 — 0.006 0.1257 0.111 2.5207
Qx = 0.008 Q2 =  0.004 0.1351 0.0919 2.3133
It can be seen that as the channel gain of User 2 is reduced, the contour size reduces 
accordingly. This implies that for a fixed EE value, lower transmit rates will be available 
for both users, which can be extremely undesirable in scenarios where users have a 
minimum data rate requirement.
The EE contours are obtained using (3.3), where the average EE of the system is obtained 
as a function of the data rate. Therefore, the channel gain of each user has an effect on the 
average EE of the system, meaning that users with better channel qualities will provide a 
higher EE for the system. This is demonstrated in Table 3-3, where the maximum 
achievable EE of the system and the rate points at which the maximum EE is obtained are 
given for different channel gains. Once again, the channel gain of User 1 is fixed, and the 
EE of the system is observed for different channel qualities for User 2.
As the channel gain of User 2 is increased, the following points are observed:
The average EE of the system increases.
The optimal data rate of User 2 increases.
The two points mentioned above are expected, since the channel quality of the weaker 
user is improved, resulting in higher EE. On the other hand, although the channel gain of 
User 1 remains unchanged, if  s optimal data rate changes. This is due to the fact that the 
primary target of the system is to maximize EE, which is achieved by tuning the data rate 
of all users.
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In order to obtain a better understanding of the effect of disparity in channel gain on the 
maximum achievable EE, a comparison is made based on the channel gain ratio of the 
users. This is presented in Figure 3-7, where the channel gain of User 1 is fixed to 0.008 
and the x-axis represents the channel gain ratio, i.e. Q2 /Q\- As the channel gain ratio 
increases, the channel gain of users becomes less disparate. It can be seen that by 
increasing the channel gain ratio, the maximum achievable EE of the system increases, 
which accentuate the results in Table 3-3.
3.3. Optimality Measures
One of the main advantages of EE contours is that, it allows us to maximize the EE of the 
system whilst satisfying other system requirements such as maximizing sum-rate or 
incorporating fairness into the system. The work presented in this chapter has been 
focused on energy-efficient design in the MAC, which will be extended to the BC in the 
following chapter.
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Figure 3-8: Optimal operating points
Figure 3-8 presents the results for the uplink capaeity region (pentagon shaped), optimal 
energy-efficient rate pair (converged to a point, marked with a cross) and EE contours 
with different optimality measures. To simplify the exposition of concept and clarity in 
the graphical representations, a 2-user example is given here, with the results extendable 
to the general /f-user case.
Since an uplink scenario is considered, individual power constraints are enforced on each 
user, P = [300 mW, 300 mW], which define the pentagon shaped capacity region. Any 
segment of the EE contours that are outside this region will not meet the requirements of 
the system and will not be achievable. Based on the energy-efficient system design given 
in sections 3.2.1 and 3.2.2, the average EE contours of the system can be found, where the 
optimal operating points are given using several optimality criteria, which are discussed 
in subsequent sections.
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3.3.1.Maximum Energy Efficiency
This criterion corresponds to scenarios where the only aim of the system is to maximize 
the average EE, without any consideration on rate-faimess or sum-rate maximization. The 
bit-per-Joule of the system is maximised by tuning the rate of each user whilst ensuring 
the constraints are satisfied.
The maximisation problem is given as:
(3 9)
s.t. Cmac(P'> a) (3.10)
where, constraint (3.10) specifies that all rate pairs should be chosen within the MAC 
capacity region boundary.
The optimal rate pair is chosen such that EEopt is maximized, and is marked with a cross 
in Figure 3-8. It is important to highlight the fact that in the MAC, the EE is maximized 
when all users simultaneously transmit, with the user with the higher channel gain (User 1 
in this case) transmitting at a higher rate.
3.3.2.Maximum Energy Efficiency with Rate Fairness
This criterion investigates scenarios where the aim is to consider rate-faimess between 
users as well as achieving the maximum possible EE. Points with equal rate share for all
users lie on a line passing through the origin with a slope o f+1 (which we will refer to as
the line of faimess).
The modified optimization problem is:
(3-11)
s.t. (3.12)
R ^=  R2 = ... =  Rk (3.13)
where, (3.13) is the rate-faimess constraint.
52
Chapter 3. Energy Efficiency Contours for Uplink Channels
max > Rj
Based on the system parameters chosen for this example, the line of faimess does not 
intersect with the maximum EE point, therefore, the maximum achievable energy- 
efficient rate point matching the faimess criteria will be the point on the EE contour 
tangentially touching the line of faimess, shown as point B in Figure 3-8.
3.3.3.Target Energy Efficiency with Maximum Sum-Rate
For a specific EE target (defined as EEf), only one of the contours obtained using (3.3) 
will be of interest to the system (as an example, consider contour labelled 1). The main 
focus in this case is to maximize the sum-rate by achieving this EE target, with the 
optimization problem given as:
/  K \
(3.14)
s .t . 6 C„AciP-, g )  (3.15)
EEav = EEr (3.16)
The point on the desired contour tangentially touching the line with a slope of -1 (referred 
to as the line of constant sum-rate) will give the rate vector achieving the target EE and 
having the maximum possible sum-rate, and is shown as point D in Figure 3-8.
It can be shown from Section 2.1.1 that the sum-rate capacity is obtained in AWGN MAC 
by allowing all users to transmit at their maximum power. This is due to the fact that in 
the uplink scenario, each user has a maximum transmit power, and constraining it from 
using all this power will result in power wastage. On the other hand, the optimization 
problem defined in this section also involves achieving a certain EE target, which, may 
lead to having to compromise on the sum-rate (depending on the system parameters).
3.3.4.Target Energy Efficiency with Rate Fairness
The intersection of the line of faimess and the desired EE target (same EE contour as 
previous section) will give the optimal rate pair for this specific criterion.
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The optimization problem is shown as:
/  K
maxi
Vi=i
^ R i  (3.17)
S. t .  . . . ,  R jf)  E CmacO*) 9 ^  (3.18)
/?! =  /?2 =  = Rr (3.19)
EE^y =  EEt (3.20)
It can be seen in Figure 3-8 that there are two intersections (point A and C), with both 
meeting the required criteria in terms of rate-faimess and EE. However, the obvious 
choice in this case would be to operate at point C, since it also has a higher sum-rate.
3.4.Approximation of Transmit Power of Downlink 
Channel using Taylor Series
The Taylor Series (TS) is an approximation of a function f ( x )  as a finite sum of N  terms,
which are calculated from its derivatives at a neighbourhood of point a [128], given as:
n=0
where N, is the order of the TS and defines the precision of the approximation, and / ” (a) 
denotes the derivative of function /  calculated at point a.
In cases where the approximation is applied in a neighbourhood of zero, i.e. a = 0, the 
approximation is also referred to as the Maclaurin Series. For a given decoding policy, 
(3.3) provides the function which is used for plotting the EE contours. However, solving 
this will not give a closed form solution. To tackle this issue, the TS expansion is applied 
in a neighbourhood of zero and the transmit power function is approximated as a finite 
sum of N  terms.
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This approximation is applied on the function:
,  .  ^npc) ^Tr(fc) In 2
^ B = e  B (3.22)
where is the variable of the function and B  is considered as a constant.
Using the TS expansion shown in (3.21), the exponential function can be expressed as:
7^r(fe)In2
e B
N
(3.23)
n=0
By substituting (3.23) into the original power function given in (3.7), the TS power 
approximation can be shown as:
Vnik) =
N qB
9nQi)
V  1 / In 2
n! V B  )
n= l
f c - 1  N
j= l  n=0
(3.24)
3.4.1. Approximation of Energy Efficiency Contours
By using the TS power approximation given in (3.24), the EE of the system can be 
approximated with lower complexity, where it provides a scalable solution for higher 
number of users. Using the same system parameters as in Section 3.2.2, the maximum 
achievable EE of the system is compared with the approximated values using different 
accuracy orders in Figure 3-9. It is clearly seen that, as the accuracy order increases, the 
TS approximation approaches EEopt-
This is also shown in Figure 3-10, where it can be seen that for a fixed EE target (EEj = 
2.2 Mbits/Joule in this example), the TS approximation converges to the target contour. 
The accuracy of the approximation increases with TV, where an order of 5 is sufficient for 
the approximation to converge to EEp with negligible performance difference. The MAC 
capacity region is also depicted in Figure 3-10, which is computed based on a 300mW 
transmit power constraint on each user. Any segment of the EE contours outside of the 
capacity region is not achievable.
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Figure 3-10: EE contours using TS approximation (EE set to 2.2 Mbits/Joule)
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3.5. Weighted Average Energy Efficiency in the Uplink
Many resource allocation problems can be represented as a constrained maximization of a 
utility function [129]. A utility function can be shown as a satisfaction indicator of a user 
based on different resources. As an example, maximizing the system level efficiency can 
be formulated as the maximization of the aggregate utility function over all active users in 
the system. Weighted sum rate can be considered as an important representation of utility 
functions, where the weights are dynamically tuned according to the requirement of the 
system. Previous studies have considered weighted sum rate maximization as a suitable 
technique for prioritizing users based on their weights. An example of such work is 
shown in [130]-[131] for the BC and [132]-[134] for the MAC.
The same technique can be used for the EE, where users are allocated different weights 
based on different criteria such as channel condition and available battery. A practical 
application of such technique is the case where a user is running low on battery, therefore 
the system will allocate a higher weight to this user, which means that the rates will be 
tuned such that this user achieves a higher EE.
The comparison metric used for the EE of the MAC is given in (3.3), where the average 
EE of the system is obtained using the bit-per-joule measure. In order to be able to 
prioritize users, a weighting system is incorporated in the energy-efficient design such 
that users with higher weights achieve higher EEs. This is achieved using the weighted 
average EE such that:
EE WAV = (3.25)
2j/c=1
where, is the weight of user k, and when all users have equal weights, the weighted- 
mean reduces to the common mean.
The weighted average EE maximization is given as:
s.t. E g )  (3.27)
where, the user with the higher weight achieves a higher EE.
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3.5.1. Weighted Energy Efficiency Contours
This section demonstrates the EE contours of the multi-user MAC based on the weighted 
average defined in (3.25). The contours are obtained using the EE maximization 
framework defined in Section 3.2.2, which compares the EE value using both decoding 
policies and picks the decoding order achieving the maximum EE value. Table 3-4 
summarizes the maximum achievable EE value and optimal rate points with the EE 
contours depicted in Figure 3-11. The EE contours are obtained using the same system 
parameters as Section 3.2.2, where User 1 is assumed to have a better channel quality 
such that ^  = [0.008,0.004].
As shown in Figure 3-11, three different scenarios are investigated:
Scenario 1 -  Equal Weights: The results corresponding to this scenario are 
shown in Figure 3-11 (a), where both users have been allocated equal weights, 
therefore, the weighted average reduces to the common average which has been 
thoroughly investigated in Section 3.2. The EE contours are identical to the 
results presented in previous sections, and maximum EE is achieved by 
allowing the stronger user (User 1) to transmit at a higher rate.
Scenario 2 -  Weak User Prioritized: The results corresponding to this 
scenario are shown in Figure 3-11 (b), where User 2 has double the weight of 
User 1. According to the results given in Table 3-4, increasing the weight of 
User 2 will increase its data rate, but at the same time reduces the maximum 
achievable EE of the system and the data rate of User 1. This is due to the fact 
that User 2 has a lower channel gain compared to User 1.
- Scenario 3 -  Strong User Prioritized: The results corresponding to this 
scenario are shown in Figure 3-11 (c), where User 1 has double the weight of 
User 2. This represents the opposite to scenario 1, where this time, the user with 
the higher channel gain is given priority. This results in a significant increase in 
the maximum achievable EE of the system, and the data rate of User 1.
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Figure 3-11: Weighted average energy efficiency contours
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Table 3-4: Maximum achievable weighted average EE
Optimal Data Rate (Mbps) Max. EE (Mbits/Joule)
*1 Rz EE AY
Scenario 1 0.135 0.092 2.3133
Scenario 2 0.133 0.099 2.2478
Scenario 3 0.153 0.087 2.7032
The weighted average EE contours depicted in Figure 3-11 provide some important 
insight into the optimal data rates for UEs in the multi-user MAC. It has been 
demonstrated that by allocating a higher weight to users with higher channel gains, the EE 
of the system can significantly increase. However, this can be undesirable in scenarios 
where faimess is required, since the user with the lower channel gain gets a lower rate.
Figure 3-12 investigates this behaviour and demonstrates how weights can be used for 
increasing the faimess of the system. The markers represent the optimal points at which
0.2
Line of Fairness
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Increasing Fairness
0.05
0.05 0.15 0.2
R1 (Mbps)
Figure 3-12: Achieving fairness using weighted average EE
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the maximum weighted average EE is achieved using different weights for User 2. The 
point corresponding to equal weights is used as a benchmark to demonstrate the faimess 
of the system. It is clearly seen that as the weight of User 2 (user with lower channel gain) 
is increased, the optimal operating point approaches the line of faimess (line drawn 
through the origin with a slope o f +1). For this particular example, allocating a weight of 
9 to User 2 is sufficient to guarantee fair rate allocation. On the other hand, if the weight 
is higher than 9, once again the faimess is compromised, but this time in favour of User 2. 
Therefore, in order to maximize the weighted average EE whilst achieving faimess, the 
weights should be tuned such that a right balance is obtained.
It is clear that faimess comes at a price, which in this case, is the weighted average EE, 
and it is important to find this trade-off. Figure 3-13 depicts the variations in the 
maximum achievable EE of the 2-usre MAC as the weight of each user is increased. The 
x-axis and y-axis represent the weight of User 1 and 2 respectively, where the weights 
have been normalised. Once again, it is assumed that User 1 has a higher channel gain. It 
is clearly seen that by increasing the weight of the user with the better channel gain, the 
maximum achievable EE of the system increases.
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Figure 3-13: EE as a function of user weights
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Figure 3-14: Effect of weights on maximum EE of system
Figure 3-14 depicts the maximum achievable EE of the system when the weight of users 
is increased. Figure 3-14 (a) corresponds to the scenario where the weight of User 1 (user 
with higher channel gain) is set to 1, and the weight of User 2 is increased. There is an 
initial dip in the curve, followed by an increasing behaviour for weights greater than 3. 
However at all times, the EE of the system is lower compared to the equal weight scheme. 
Figure 3-14 (b) corresponds to the reverse case where this time the weight of User 2 is set
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to 1, and the weight of User 1 increased. As mentioned before, allocating higher weights 
to the stronger user will increase the EE of the system, but the fairness is hugely affected.
3.6. Chapter Summary
This chapter has defined the average EE of a single-carrier, multi-user uplink channel 
using the bit-per-joule metric. An SIC receiver is employed with multiple decoding 
policies, where a framework is created such that the decoding policy achieving the 
highest EE for each rate point is chosen. EE contours are introduced as a novel approach 
for finding the optimal operating points based on different system requirements such as 
maximizing EE, a trade-off between EE and rate fairness, achieving EE target with 
maximum sum-rate and achieving EE target with fairness.
The effect of the channel gain disparity of users on the system EE is investigated, where 
the shape of the EE contours are shown to change for different channel gain ratios. As the 
channel gain ratio increases, the channel gain of users become more disparate, and the 
maximum achievable EE of the system increases.
The EE function is simplified using TS, where the transmit power function is 
approximated as a finite sum of terms, and a closed form solution is obtained. The 
accuracy of the approximation increases with N, where an order of 5 is sufficient for the 
approximation to converge to the target EE value with negligible performance difference.
The study is further extended by investigating the weighted average EE of the system, 
where users are prioritized based on different criteria such as channel gain and available 
battery. It has been demonstrated that by allocating higher weights to users with higher 
channel gains, the EE of the system increases significantly, while the rate-faimess is 
sacrificed. On the other hand, weights can be used for increasing the rate-faimess of the 
system, by allocating a higher, but precisely tuned, weight to users with the lower channel 
gains.
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Chapter 4
Energy Efficiency Contours for 
Downlink Channels
This chapter studies the achievable rate regions of 2-user AWGN BCs under TD, FD and 
SPC, where the optimal energy-efficient rate points are located according to a comparison 
metric based on the average EE of the system. In addition to the transmit power, circuit 
power and signalling power are also incorporated in the power model.
The SPC scheme is used to obtain the EE contours using multiple decoding policies, with 
each being used to calculate the transmit power and average EE for a fixed data rate. A 
framework is employed to identify the decoding policy achieving the highest EE for each 
rate point. The shape of the EE contours obtained using either decoding policy are 
compared, with results demonstrating the difference in the achievable rate points, and 
highlighting the fundamental difference between energy-efficient design in the uplink and 
downlink channels.
The effect of the disparity in channel gain of users on the system EE is investigated, 
where the shape of the EE contours are shown to change for different channel gain ratios. 
Next, the EE function is approximated TS expansion, where the transmit power function 
is approximated as a finite sum of terms, providing a closed form solution.
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4.1. Introduction
This chapter consider a downlink channel, also known as BC, consisting of a single 
transmitter and K receivers, as depicted in Figure 4-1.
The total transmit power at the BS is denoted as P, such that:
K
- 1p = > Pkk=l
(4.1)
where, is the transmit power to the user.
The transmitters and the receiver are assumed to have a single antenna, with the received 
signal being corrupted by AWGN with PSD Nq/2 . For such channels, the data rate of the 
user is given by the well-known Shannon formula [18].
The BC rate regions can be obtained using schemes such as TD, FD and SPC. However, 
the work in [27] showed that by employing SPC and ordering users relative to their 
channel gains such that > Pz > "' > the BC capacity can be achieved. Based on 
this ordering, the SPC will have K levels, such that the level with the most interference 
can be detected by the users with the worst channel condition [21]. In the work presented 
in this chapter, the SPC scheme will be used for obtaining the BC capacity region. The 
BC capacity region is revisited in Section 2.1.2.
U E  1
U E 2
B S
UE A"
Figure 4-1: Downlink system model
65
Chapter 4. Energy Efficiency Contours for Downlink Channels
4.2. Energy Efficiency vs. Capacity Region
This section provides a detailed analysis on the maximization of the EE of a 2-user BC 
and identifies the achievability of the optimal rate points based on the capacity region. In 
the results presented in this section, the maximum transmit power is set to P = 0.1 W, 
Pc = 0.02W, = [0.15,0.025], P = 100 KHz and Ng = 10"^ W/Hz (unless stated
otherwise). When the transmitter requires full knowledge of the channel gains of both 
users, some additional power is consumed in the system for the signalling overhead, 
which will be referred to as P^^/, which is only applicable to the SPC scheme. The same 
bit-per-joule metric as Chapter 3 is employed here, where, in addition to the transmit and 
circuit powers, signalling power is also considered.
Therefore, overall EE of user k is defined as:
where, it is assumed that P^  is fixed, independent of the transmission state and equal for 
all users.
The comparison metric used in this section is based on the average EE of the system 
which is defined as:
1 ^
EEav EEk , k =  1,2 (4.3)
k=l
where the average EE function can be characterized using TD, FD and SPC.
4.2.1.Maximizing Average Energy Efficiency
In the case of the equal power TD scheme, the entire power and bandwidth are allocated 
to each user for a fraction of the total transmission time, therefore, the maximum energy- 
efficient rate-pair is simply chosen as the point that has the maximum average EE over 
the entire time frame of the transmission. In the case of the SPC scheme, the system is 
designed such that the total transmit power (P) is divided between both users, and the
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power division that achieves the highest average EE value is chosen. For the FD scheme, 
the same approach as the SPC scheme is employed, with the difference that this time, 
both the total transmit power and bandwidth are divided between users.
The maximization problem is defined as follows:
max(EEAv)
s.t. G Cbc(.P; g)
(44)
(4 J)
where, constraint (4.5) specifies that all rate pairs should be chosen within the capacity 
region boundary (based on the chosen scheme, i.e. TD, FD or SPC), and g  = [ g-^.gz]-
As highlighted before, the rate region of the SPC scheme exceeds that of TD and FD. On 
the other hand, the SPC scheme requires full knowledge of the channel gains of both 
users, which means that Pqsi is no longer zero. The results in Figure 4-2 investigate the 
behaviour of the EE function of the three schemes by increasing Pcsi- It is clearly seen 
that the SPC scheme achieves the highest EE when the signalling power is zero. On the 
other hand, as Pcsi increases, the EE of the SPC scheme decreases whilst the TD and FD 
remain unchanged. In cases where the signalling power is high, both FD and TD schemes 
outperform SPC, which shows the importance of P^si in the system design.
O)
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Figure 4-2: Energy efficiency comparison based on variable Pacsi
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Figure 4-3: Energy efficiency comparison of TD, FD and SPC
Figure 4-3 depicts the EE of the TD, FD and SPC schemes as the transmit power 
increases, where it is shown that:
Increasing the transmit power will lead to a higher EE. However, this is only true 
up to a certain point, after which the EE of the system decreases. Therefore, 
maximum EE is achieved by tuning the power according to the rate requirements 
of the system.
Without the presence of P^ /^, and at low transmit powers, all three schemes 
perform the same. However, as soon as the transmit power is increased, SPG 
proves to be the most energy-efficient technique.
When signalling power is considered, the FD scheme can be shown to achieve the 
highest EE, which accentuates the results presented in Figure 4-2.
It should be noted that the same performance measures as in Figure 4-3 are obtained even 
when the maximum transmit power of the BS is chosen to be a higher value.
By considering the rate regions from the three schemes identified in Section 2.1.2, and the 
maximization problem defined in (4.4), the points with the highest EE for each scheme 
can be identified, which are depicted in Figure 4-4. The total power constraint enforced 
on the system is 0.1 W, which defines the capacity region.
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Figure 4-4: Rate region and maximum EE points for TD, FD and SPC
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In part (a), the channel gain of User 1 has be chosen to be much higher than User 2’s 
channel gain, which is why the achievable rate region of the FD scheme exceeds that of 
the equal power TD. Once again, the results show the superiority of the SPC scheme in 
scenarios where there is no signalling power involved.
In terms of the most energy-efficient rate-pair, it can be seen that in the TD scheme, 
maximum EE is achieved when the stronger user (User 1 in this case) achieves its single 
user bound with the weaker user remaining silent. Similarly in the FD scheme, the weaker 
user (user with lower channel gain) remains silent, but this time the strong user does not 
receive at its maximum achievable rate, rather, the rate is tuned such that the EE 
maximized. On the other hand in the SPC scheme, the EE is maximized by allowing both 
users to receive data, with the stronger user achieving a higher rate.
In part (b), a higher channel gain is chosen for the weak user, i.e. User 2, where the TD 
and FD capacity regions can be shown to be almost identical. However, the TD scheme 
still shows to be unfair, with only the stronger user receiving data. On the other hand, the 
FD scheme is no longer unfair, with user 2 receiving data, but only at a fraction of User 
I ’s rate. And finally, the SPC scheme still proves to be the most rate-fair scheme, but 
allocating a higher rate for the weaker user.
4.3. Energy-Efficient Design in the Downlink Chanel
Section 4.2 gave some insight on the energy-efficient characteristics and behaviours of 
the downlink system under TD, FD and SPC. This section, investigates the EE of a multi­
user AWGN BC using the bit-per-joule metric, where the SPC scheme will be employed 
in the energy-efficient design.
4.3.1.Energy Efficiency Formulation
As highlighted before, one of the fundamental differences between energy-efficient 
design in the downlink and uplink channels is the fact that in the downlink, a single
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transmitter is sending data towards multiple receivers, and as a result, a single circuit 
power is incorporated in the EE function.
The EE metric used in Section 4.2 was based on the average EE of a 2-user system. In 
this section, the total EE of a K-usev downlink system is considered, with the EE function 
given as:
E E r o t = ^ ^  
where, Pj is the total consumed power.
The same linear power model as in [133] is considered such that:
=  Pc +  PP
where, P denotes the total transmit power, Pc the circuit and processing power, and p  the 
amplifier efficiency coefficient.
This linear power model specifies that even at zero load, there still is some power usage 
in the system (denoted as Pc). Additionally, as the transmit power is increased, the total 
consumed power increases with a slope of p, which defines the efficiency of the 
amplifier.
4.3.2.Energy Efficiency Contours with Multiple Decoding Orders
It is shown in Section 2.1.2 that by ordering users based on their channel gains, the SPC 
rate region would in fact define the BC capacity region (Cbc)- The SPC scheme operates 
best when users have more disparate channel quality. On the other hand, in a symmetric 
case where the channel gains of all users are equal, all spectrum sharing methods have the 
same rate region.
In the results presented in this section, users are ordered relative to their channel gains 
such that < P2  < '" < 3k> with the relative data rates obtained using SPC. The same 
approach as Chapter 3 is used here, with n  defined as the permutation of the ordered 
sequence, where, n(k)  is the k^^element of the permutation.
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Two decoding orders are employed:
Policy 1 ( ): This decoding policy Corresponds to scenarios where User K is first in
the decoding list, which means that User K  can achieve its single user bound, with other 
users achieving a non-zero rate.
n  = (4.8)
Policy 2 ( )• This decoding policy reflects the reverse scenario to policy 1, where this
time User 1 can achieve its single user bound, whilst other users get a non-zero rate.
=  (4.9)
Therefore, by employing SPC with either decoding policy, the transmission rate of user k 
can be shown as:
Conversely, the transmit power can be shown as:
=  +  I (4.H)
The overall EE of a multi-user downlink system is given in (4.6), which is based on the 
bit-per-joule metric, and is derived as the total transmit rate over the total consumed 
power of the BS.
EE contours are introduced as the collection of all rate vectors having the same EE value, 
which provide a complete realization of the optimal operating points based on the system 
requirements. For the BC, the total EE of the system is identified as the optimization 
metric, and is used to obtain the EE contours.
The power model is based on (4.7), which follows a linear model, with the total transmit 
power constrained to P. Additionally, g  = [0.004,0.008], B = 100 KHz, Nq =
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10  ^W/Hz and = 0.02 W. The amplifier efficiency coefficient is set to = 1, which 
assumes a perfect power amplifier.
Figure 4-5 and Figure 4-6 depict the EE contours of a 2-user AWGN downlink system 
where decoding policy 1 and 2 are employed respectively. It is clearly seen that regardless 
of the decoding policy employed, maximum EE is achieved by only transmitting to the 
stronger user, i.e. user with highest channel gain (User 2 in this case). Therefore the 
maximum EE value achieved using either policy would be the same, which is also 
demonstrated in Table 4-1.
This is one of the most fundamental differences between energy-efficient design in the 
uplink and downlink, where it was shown in Chapter 3 that in the uplink, maximum EE is 
achieved when all users transmit simultaneously by employing an SIC receiver.
On the other hand, by comparing the EE contours in Figure 4-5(b) and Figure 4-6(b), it is 
clearly seen that the shape of the contours are different, which means that different rate 
pairs would be achievable. The gradient of the EE contours using decoding policy 2 are 
much steeper, which is why the gap between different EE levels are less compared to the 
contours from decoding policy 1.
This highlights an important feature of the EE contours, where the choice of decoding 
order can hugely affect the data rate of the user with the lower channel gain. It can be 
seen that when the system has a target EE, placing the user with the higher channel gain 
first in the decoding order, i.e. so that it does not experience any interference from other 
users, a higher rate will be achievable for the weaker user.
Table 4-1: Optimal EE value of BC with multiple decoding policies
(Mbps) / ? 2  (Mbps) Max. EE (M bits/Jou le)
0 0.171 T 5334
^2 0 0.171 3.5334
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Figure 4-5: Total Downlink Energy Efficiency with Decoding Policy 1
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Figure 4-6: Total Downlink Energy Efficiency with Decoding Policy 2
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4.3.3. Disparity in Channel Gain
The EE contours depicted in Section 4.3.2 are obtained using pre-defined normalised 
channel gains for each user. This section investigates the effect of the disparity between 
channel gains of users on the shape of the BC EE contours.
An example is given in Figure 4-7, with the total EE of the system set to 2.8 Mbits/Joule. 
Three contours are depicted using different channel gain combinations, where all three 
contours achieve the same EE value, but using different rate points. In order to 
demonstrate the effect of the channel disparity on the average EE of the system, the 
channel gain of User 2 has been fixed to 0.008, and the EE contours are observed using 
different channel gains for User 1.
It is clearly seen that by increasing the channel gain of the weaker user, the EE contour 
sizes increase, resulting in higher data rates for User 1. Chapter 3 demonstrated that 
increasing the channel gain of the weaker user in the MAC will result in a higher EE, 
which is not the case in the BC. This is due to the fact that in the BC, it is only the 
stronger user that receives data, with the other user remaining silent.
0.3
0.25
E-
2  0.15
0.05
0.05 0.15 0.2 0.25 0.3 0.35
^ ^ ^ g .j-0 .0 0 4 , g -^O.OOS 
— — — g^=0.006, gj—0.008 
 g =0.008, g =0.008
RI (Mbps)
Figure 4-7: Effect of disparate channel gains on EE 
The channel gain of User 1 is constant and system EE is set to 2.8 Mbits/Joule
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4.4. Trade-offs on Energy Efficiency
Section 3.3 used average EE contours to provide a complete realization of the optimal 
operating points for the uplink channel based on different system requirements. EE 
contours also graphically demonstrated the trade-offs between EE, rate-faimess and sum- 
rate. The same method is used in this section for the downlink channel.
To simplify the exposition of concept and ease of graphical representation, a 2-user case 
is presented here, but the results and general performance measures hold for if > 2. The 
system parameters are the same as those used in Section 4.3.2, with the maximum 
transmit power set to 300 mW, which defines the capacity region (shown in blue dashed 
lines in Figure 4-8).
4.4.1. Optimality Measures
The optimality measures are addresses using the same formulation as Chapter 3, with the 
difference that in this section, a downlink channel is considered, therefore a total power 
constraint is placed on the transmitter. The results are presented in Figure 4-8. To avoid 
repetition, the mathematical formulations of the optimization are omitted here.
Based on the choice of decoding policy, (4.6) is used to obtain the average EE function, 
where EE^y and EE^y denote cases where decoding policy 1 and 2 have been chosen 
respectively.
The optimal EE is found such that for each rate vector, the decoding policy that achieves 
the highest EE is chosen:
EEopt = m ax (g g ^ , EE^}) (4.12)
It turns out that the optimal EE is achieved when decoding policy 2 is employed, which is 
why Figure 4-8 is identical to Figure 4-5.
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Figure 4-8: Downlink Optimality measures
According to Figure 4-8, the desired operating point of the system can be obtained based 
on different optimality measures as discussed below:
Maximizing Energy Efficiency
When the sole target of the system is to maximize the overall EE, the rates of users are 
tuned such that the rate points are within the downlink capacity region and the EE 
function is maximized. It can be seen from Figure 4-8 that the EE is maximized when the 
BS only transmits to a single user (user with best channel gain), and is marked with a red 
circle.
Maximizing Energy Efficiency with Rate-Fairness
In cases where as well as maximising the EE, rate-fairness is also desired, an additional 
constraint is incorporated into the optimization problem such that both requirements are 
fulfilled. Equal rate points lie on a line passing through the origin with a slope of +1
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(which we will refer to as the line of fairness). The point on any EE contour which the 
line of fairness tangentially touches will be represent the most energy-efficient, rate-fair 
point, shown as point B in Figure 4-8.
Target Energy Efficiency with Maximum Sum-Rate
Each EE contour in Figure 4-8 corresponds to a specific EE value. Therefore when the 
system has a target EE, only the corresponding contour is desired (as an example, 
consider contour labelled 1). As discussed earlier, maximum sum-rate is achieved in the 
downlink, when the BS only transmits to the user with the best channel gain. On the other 
hand, when the system has a target EE value, the point on the corresponding contour 
tangentially touching the line with a slope of -1 (referred to as the line of constant sum- 
rate) will give the desired point, and is shown as point D.
Target Energy Efficiency with Rate-Fairness
This criterion corresponds to cases where the system has a target EE value to achieve 
whilst incorporating rate-faimess at the same time. The intersection of the line of fairness 
and the desired EE target (same contour as previous section) will give the optimal point. 
As seen in Figure 4-8, there are two intersections, points A and C. with both meeting the 
required criteria in terms of fairness and EE. However, the obvious choice in this case 
would be to operate at point C, since it also has a higher sum-rate.
4.4.2. Effect of Decoding order on Energy Efficiency Contours
Section 4.3.2 demonstrated the change in the EE contour shapes based on the choice of 
decoding order. To demonstrate this difference, both contours have been plotted in Figure 
4-9, where the rate region is also shown based on a maximum transmit power constraint 
of 300 mW. The gradient of the EE contours using decoding policy 2 are much steeper, 
which is why the gap between different EE levels are less compared to the contours from 
decoding policy 1.
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Consider the case where the system has a target EE of 1 Mbits/Joule. As shown in Figure 
4-9, in the case where decoding policy 1 is employed, the target EE contour is outside of 
the rate region, and hence not achievable. However, the same target EE value can be 
achieved by employing decoding policy 2. Therefore the decoding order can play an 
important role in terms of the achievability of certain rate points for a downlink channel 
with a fixed EE target.
The second main difference between the two decoding polices arouses when one user has 
a minimum rate requirement and the systems target is to maximise the EE whilst keeping 
the sum-rate constant. Assuming that the minimum rate requirement of User 1 is 0.1 
Mbps, the intersection of the line of constant sum rate (line with a slope of -1) and the 
minimum rate requirement of user 1 gives the optimal operating point, which is marked as 
point A in Figure 4-9. It is interesting to see that at this point, a higher EE is achieved 
when decoding policy 1 is employed, which is due to the fact that contours from decoding 
policy 2 are much steeper. To be more precise, at point A, an EE of 2.8 Mbits/Joule and
0.5
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-  -  Rate Region
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Figure 4-9: Comparison of EE contours with different decoding policies 
(Data on contours define energy efficiency value in Mbits/Joule)
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2.1 Mbits/Joule are obtained using decoding policy 1 and 2 respectively.
Another interesting scenario is when one user has a minimum rate requirement whist the 
system has an EE target. An example is given in Figure 4-9, where the minimum rate 
requirement of User 1 is 0.1 Mbps, and a system EE target of 2 Mbits/Joule. The 
intersection of the minimum rate line with the desired contour gives the optimal operating 
points, which is shown as point B for decoding policy 2 and point C for decoding policy 
1. Both decoding policies can meet the requirements of the system but employing 
decoding policy 1 will allocate a higher rate to User 2 (the stronger user).
4.5. Approximation of Transmit Power of Uplink Channel 
using Taylor Series
This section follows the same methodology as in Section 3.4, and uses TS to find an 
approximation for the transmit power of the multiuser downlink channel.
For a given decoding policy, (4.6) provides the function which is used for plotting the EE 
contours. However, solving this will not give a closed form solution. To tackle this issue, 
the TS expansion is applied in a neighbourhood of zero and the transmit power function is 
approximated as a finite sum of N  terms.
This approximation is applied on the function:
T^r(k) ^7r(k)ln2 __
f{RnW).  0, N) =  2—  =  e — B—  (4.13)
where, Ri^ qc) is the variable of the function and B is considered as a constant. 
The exponential function can be expressed as:
e ^  = t h i ^ Î  (4M )
n=0
The transmit power function given in (4.11) can be re-written as:
81
Chapter 4. Energy Efficiency Contours for Downlink Channels
By substituting (4.14) into (4.15), the approximated transmit power of the downlink 
channel can be shown as:
n=l
i= l  n=l j=i+ln=0
4.5.1. Approximation of Energy Efficiency Contours
The approximated transmit power function given in (4.16) can be used to obtain the total 
EE of the downlink channel with lower complexity. Using the same system parameters as 
in Section 4.3.2, the maximum achievable EE of the system is compared with the 
approximated values using different accuracy orders in Figure 4-10. It is clearly seen that, 
as the accuracy order increases, the TS approximation approaches EEopt- the transmit 
power function with an accuracy order of 4 approaches the optimal EE value with 
marginal difference, and the exact EE value can be obtained using an accuracy order of 5.
Figure 4-11 highlights the same findings using EE contours, where a fixed EE target is 
assumed. For this example it is assumed that EEj = 2.2 Mbits/Joule, which corresponds 
to a single EE contour. All contours depicted in Figure 4-11 obtain the same EE target, 
but with different accuracy orders. It is clearly seen that the accuracy of the 
approximation increases with N, where an order of 5 is sufficient for the approximation to 
converge to EEj with negligible performance difference.
The BC capacity region is also depicted in Figure 4-11, which is based on a 300mW 
transmit power constraint of the system. Any segment of the EE contours outside of the 
capacity region will not be achievable.
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4.6. Chapter Summary
This chapter studied the achievable rate region of the AWGN BC under TD, FD and SPC, 
where the optimal energy-efficient rate points were located according to a comparison 
metric based on the average EE of the system. In addition to the transmit power, circuit 
power and signalling power were also incorporated in the power model, with results 
showing SPC as the most energy-efficient and rate-fair scheme. However, the SPC 
scheme requires full knowledge of the channel gains of all users, resulting in additional 
cost in terms of signalling power. In fact at high signalling powers, the FD and TD 
schemes achieve higher EEs compared to the SPC scheme.
The SPC scheme was then used to obtain the EE contours using two different decoding 
orders. The EE contours clearly showed that unlink the MAC, maximum EE is achieved 
in the BC by only transmitting to the user with the highest channel gain.
The results obtained using both decoding policies achieved the same maximum EE value, 
but using differently shaped EE contours. By encoding the user with the higher channel 
gain (user which is not affected by the interference from other user) last, the gradient of 
the EE contours become steeper, making the gap between different EE levels less 
compared to the opposite decoding policy. This showed to be very important in terms of 
achievability of certain rate points based on the transmit power constraint.
In order to obtain the closed form of the EE function of the downlink channel, TS 
expansion was applied in a neighbourhood of zero, and the transmit power function 
approximated as a finite sum of terms. Results showed that an accuracy order of 5 is 
sufficient for the approximation to converge to the desired EE contour.
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Chapter 5
Energy Efficiency of the Downlink 
Channel Using Realistic Power Models
In this chapter, the EE of a multi-user BC is investigated where a realistic linear power 
model is used to define the total consumed power, encompassing the BS transmit power 
as well as the circuit and processing powers of both BS and UE.
At the first stage, the effect of the amplifier efficiency coefficient is investigated on the 
achievable system EE of the 2-user case, which is followed by the relation of the circuit 
power, amplifier efficiency coefficient and EE.
Next, EE contours are obtained for a single snapshot, which are used to locate the optimal 
operating point based on the system requirements, and highlight the trade-off between EE 
and SE.
The EE of the multi-user system is maximized both with and without fairness, where the 
performance is initially observed by increasing the number of active users in the network, 
and next, by increasing the cell radius.
85
Chapter 5. Energy Efficiency o f the Downlink Channel Using Realistic Power Models
5.1. System Design
Here, we consider a single-cell, single-carrier, single-antenna, multiuser system, where 
the received signal is corrupted by AWGN with PSD N q / 2 .  The transmitter and receiver 
are assumed to have a single antenna, where the path loss is calculated based on the 
macro cell propagation model defined in the following sections.
The BS broadcasts the following signal to each of the K  users in the system:
K
x  = (5.1)
k=l
where, Uj^  and pj^  denote the unit normalised transmit symbol and power respectively 
such that
The total transmit power at the BS, P, can be expressed as:
K
E{x-^x] = P = Y pj (5.2)
J = 1
where, (.)'*' is the conjugate operator.
At each receiver, the signal from the BS is corrupted by an AWGN and is received as 
f k  — ^k^  +  where and characterise the user’s channel and receiver noise 
respectively. We assume that is a zero-mean complex Gaussian variable with variance 
N  = N qB,  where B  is the bandwidth of the transmitter.
The set of achievable rate points of AWGN BC can be computed using methods such as 
TD, FD, and SPC. The work in [27] showed that by ordering users based on their channel 
gains from strong to weak, the rate region would in fact define the BC capacity region 
(C^c). These findings were also shown in Chapter 4, where the EE of AWGN BC was 
investigated under all three schemes, and SPC showed to be the most energy-efficient 
depending on the amount of signalling involved. Based on these findings, the results 
presented in this chapter will employ SPC at the receiver, and users will encounter 
interference from other users based on their position in the decoding order.
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5.1.1.Power Model
In addition to the system parameters given in section 5.1.2 and path loss model given in 
section 5.1.3, the power consumption model also has a significant impact on the EE of the 
system. In this section, a realistic linear power model will be used to investigate the EE of 
the system based on the transmit power, circuit power and amplifier efficiency 
coefficient.
The power consumption model is based on the linear model used in [133], which consists 
of two parts;
1) An offset part, which is the power consumed in the system even when no data is 
transmitted.
2) A variable component which depends on the transmit power and amplifier 
efficiency.
The power model is shown in Figure 5-1, where the total consumed power is presented 
versus the total transmit power, which are discussed in detail in subsequent sections. This 
power model is similar to the one used in section 4.3.1, where the total consumed power 
increases with a slope of and is given as:
Pt = Pc + ^ P  (5.3)
where, p  is the amplifier efficiency coefficient and Pc denotes the total circuit and 
processing power such that =  P^s +  (^Pue)> with P^  ^ and P^  ^ denoting the circuit and 
processing powers of the BS and UE in active mode respectively [135].
Even when the BS is not transmitting, some power is consumed in the circuitry in order to 
keep the BS in an idle mode so that it is ready for transmission whenever needed. In the 
power model used for this study, it is assumed that this power is fixed, and independent of 
the transmission state. It should also be noted that ^  = 1 corresponds to a perfect 
amplifier, which is used for theoretical studies only and not valid in realistic scenarios.
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Total Power ^
P =  —
P Transmit Power
Figure 5-1: Linear power model
5.1.2.Simulation Parameters
The simulation parameters used in this chapter are given in Table 5-1, which follow the 
same case study defined in [133], showing a linear relation between the transmit power 
and total power consumption of the BS.
In [133], the total consumed power is modelled as:
+ (5.<0
where, represents the number of transmit antennas.
This thesis follows the same power model for the single-antenna case, with the 
parameters given in Table 5-2. It should be noted that 0 < P < Pmax  ^where denotes 
the maximum transmit power of the BS at maximum load.
The results are obtained through Monte-Carlo simulation where the users are uniformly 
distirbuted whithin a circular cell. Users are ordered relative to their channel gains such 
that Pi > P2  > > Pk > where the strongest users is encoded last.
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Table 5-1: System Parameters
Thermal Noise ( Nq) -165.2 dBm/Hz
Bandwidth ( P ) 10 MHz
Carrier Frequency ( /^ ) 2.1 GHz
Cell Radius (r) 1000 m
Antenna Gain
BS ISdBi
UE -Id B i
Table 5-2: Power Model Parameters
Maximum Transmit Power ( ) 20 W
BS Circuit Power ( P^  ^) 130 W
UE Circuit Power ( ) 0.1 W
Amplifier Efficiency Coefficient ( ^ ) 4.7
5.1.3.Path loss Model
Due to the attenuation in the propagation path of RF signals, a transmitted wave starts 
fading once radiated through an antenna. By measuring the transmit power {Pf) and the 
receive power (P^), the path loss can be obtained as the ratio of these two values, i.e. 
PL = Pr/Pf
In this study, a distance-dependent path loss model is employed based on dense urban 
macro cell propagation parameters given in [136], where both line of sight (LOS) and 
non-line of sight (NLOS) are considered, as given in Table 5-3.
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Table 5-3: Path loss Model for Macro Cells
LOS PhosCd) = 97.4 4- 2 0 logioC/c) +  24.21ogio(d)
NLOS PLNLosid) =  125.1 4- 201ogioC/c) +  42.81ogio(d)
Where, PL is the path loss in dB, d is the distance between the transmitter and receiver in 
kilometres, and f  is the carrier frequency in GHz. It should be noted that the minimum 
distance for the validity of this path loss model is 35 m.
Based on a Dense Urban scenario, the probability of LOS is given as:
Prob(LOS) =  1 j  x ^1 — e o.oes^  4- e o.oe (5.5)
5.1.4. Multi-User Energy Efficiency Metric
Assuming that SPC is employed and that the first user (user with best channel gain) is 
encoded last, the user’s SE can be shown as:
Vk9k  
N + 9klL)ZlVj,Sk = log2[l + ,, , dk-i.. I (5.6)
Conversely, the transmit power of the user is shown as:
% = (2^ '= -l)L k "W  (5.7)
where, is the user’s channel gain, which are ordered such that g^ > P2  > •" >
gK >  0 and conversely, g^^ > g ^ i^  >  >  g ï^  > 0. In addition, =  Rk/B, where Rk
is the k^^ user’s rate.
Let us define = gH h-k  ~  Sic-k and =  g ï^ ,  which implies that >  0,V/c E 
{1, ...,K — 1} and > 0. By inserting (5.7) into (5.2), the total transmit power can be
re-expressed as:
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P = N
K  i
(5.8)
1=1 ;=1
where, =  S^+i-u ln (2 ), V/c 6 {1,..., K}.
The same bit-per-Joule metric as in Chapter 4 is employed here, where the total EE of the 
system is defined as;
EEt =  (5.9)
where, Pj is the total consumed power based on the power models defined in Section
5.1.1.
Inserting (5.8) into (5.3), and the resulting equation into (5.9), we obtain that: 
where, A = P(Njgln(2))"^ and Uq = ^ ~
The function gÇX) is the summation of a linear function and therefore concave, and the 
function /(% ) would be convex if ng > 0. However, it is not straightforward to conclude 
on the convexity or concavity of the ratio between a concave and convex function. Let 
Xk > 0 ,V k E  [1, — 1} and X^ > 0. Therefore g(X) > 0, and since p(X) is concave
and linear, ln(^(%)) is concave. Let Œq > 0, then f (X )  > 0 and EEj > 0 such that:
IniEEr) =  ln(A) +  ln(^(X )) +  h(X) (5.11)
where, h{X) = — ln(/(%)) is a concave function, therefore, the problem of maximizing 
EEj can be solved via standard convex optimization (maximizing a concave function /  
can be re-formulated equivalently as minimizing the function - /  which is convex) tools 
such as the interior-point method [137]. The proof of concavity of h(%) is given in 
Appendix A, Section A.I.
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5.1.5. Effect of Amplifier Efficiency and Circuit Power on EE
Here, we showcase two important contributors to the EE of a downlink system. The 
relationship between EE, circuit power and amplifier efficiency coefficient, is shown in 
Figure 5-2 (a), where it is clearly seen that, increasing both the circuit power and 
amplifier efficiency coefficient reduces the total EE of the system. However, the effect of 
the circuit power on the system EE is significantly more, compared to the amplifier 
efficiency coefficient. This shows the importance of the offset part (F^) of the power 
model, which essentially showcases the fact that, the system should also be energy- 
efficient when in a non-transmitting state. This can be achieved using techniques such as 
intelligent sleep modes [67].
As shown in Section 5.1.1, the power amplifier coefficient (/?) is referred to the ratio of 
the direct input power to the transmit power. Efficient power amplifiers provide better 
circuit performance and require less cooling, thus increasing the EE of BSs. Figure 5-2 
(b) highlights the effect of f  on the system EE, where it is shown that the maximum 
achievable EE of the system decreases as /? increases. In other words, a higher /? 
translates into a less energy-efficient power amplifier.
i.r
I"
g 1.5
300
1 7
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£  1.6
I
1.55
1$ (Watts)
(a) Pc vs. p  vs. EE
11 13 15
(b ) P vs. EE
Figure 5-2: Effect of circuit power and amplifier efficiency coefficient on EE
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5.2 . E nergy E fficiency  C ontours
Sections 5.1.4 proved the concavity of the EE function, therefore, standard convex 
optimization tools such as the interior-point method [137] can be used to find the optimal 
energy-efficient operating point. The work in Chapter 3 and 4 analysed EE of downlink 
and uplink systems respectively, where EE contours were introduced as a novel technique 
for finding the trade-off between EE, rate-faimess and maximum sum-rate.
An EE contour is the collection of all SE points leading to the same EE value. For a 
specific target EE value (E^), the corresponding EE contour and SEs can be obtained 
using the following parametric function:
Xk =  max <
- W
In
—A~^EcaKe^  ^^c(ao+SLi a/criy=ie
A-^EcaKY[k=ie^^
(5.12)
where, W(. ) is the Lambert function, W  = Wq (real branch) if -A~^EcaK Y l k = i  ^ -1 
or W = (negative branch) else. The proof of (5.12) is given in Appendix A, Section 
A.2.
Using (5.12), the optimal EE value for the 2-user case can be shown as:
(5.13)
where, the corresponding %2,opt = Wg  ^ + 1 and X^ opf. = 0. The proof of
(5.13) is given in Appendix A, Section A.3.
This section provides EE contours for the 2-user downlink system using the energy EE 
function described in (5.9) and linear power models described in section 5.1.1. The EE 
contours are depicted in Figure 5-3, which have been evaluated for a single snapshot such 
that User 1 and 2 are 50m and 100m away from the BS respectively, with the rest of the 
simulation parameters given in Table 5-land Table 5-2.
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(b) Energy efficiency contours
Figure 5-3: EE contours with realistic power model for 2-user system
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Figure 5-3 (a) shows a 3-D view of the EE metric as a function of SEl and SE2. The 
contour plot of the EE function is given in Figure 5-3 (b), where the contours appear 
almost as a straight line, expressing the possibility of having an optimal EE line as 
opposed to a point. However in Section 5.1.4, we proved the concavity of the EE function 
and hence the existence of a unique globally optimal EE value.
In order to demonstrate this further, the EE contours will be investigated based on 
different optimality measures, with the results given in Figure 5-4.
Some notes about Figure 5-4:
The x-axis and y-axis represent the SE of user 1 and 2 respectively.
Line of fairness has a slope o f+1.
Optimal operating points are explained in detail in subsequent sections.
1.57801 Mbits/Joule
' Line of Fairness20
15
1.57893 Mbits/Joule
10
5
0
SEl (bits/s/Hz)
X
1
CM
HI
CO
Figure 5-4: Maximum energy efficiency with/without fairness
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5.2.1. Energy Efficiency Maximization
This criterion corresponds to scenarios where the objective is to maximize the bit-per- 
joule of the system by ensuring that the total transmit power is less than or equal to P-max^  
and that the results are within the set of achievable SE that is defined as a function of the 
channel gain and Pmax-
The resulting optimization problem is defined as:
maxEE^ (5.14)
K
S .t .O < 'Y ^P k  <Pmax (5.15)
k=l
(5i,52, ...,5/^) 6 CBciPmax>3) (5.16)
where, g  = [g ,^ P2 , ..., and P^ax is the maximum transmit power of the BS.
It is clearly seen that maximum EE is achieved by only transmitting to the user closest to 
the BS, and hence with the better channel gain, which is shown as point A in Figure 5-4. 
The maximum achievable EE value is 1.578939 Mbits/Joule, where User 1 gets a high SE 
while User 2 gets zero. The numerical results are shown in Table 5-4.
These results reflect cases where the only objective of the system is to maximize the total
EE without any constraints on the fairness of the system. This can be undesirable in
realistic scenarios where SE-faimess is required. Therefore it is essential to compare the 
EE of the system when fairness is incorporated in the system design.
5.2.2.Energy Efficiency Maximization with Rate-Fairness
In case where, as well as maximizing the EE, SE-faimess is also required, a fairness 
constraint is added to the optimization problem defined in Section 5.2.1, so that every 
user received a fair share of the resources. This is implemented using Jain’s fairness index 
[47] which is given as:
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Table 5-4: Comparison of EE with and without fairness
User I's SE (bits/s/Hz) User 2's SE (bits/s/Hz) Total EE (Mbits/Joule)
Point A 22.0 0 1.57893
Point B 10.997 10.997 1.57801
(M = iS jy
K
(5,17)
The index obtained from (5.17) will represent the fairness of the system. The system will 
be least fair when Jain’s index equals — , and on the contrary, the most fair when it 
becomes 1.
In order to incorporate fairness into the system, a line is drawn through the origin with a 
slope of +1, which we will refer to as the line of fairness. Any point along this line will 
have equal SEs for both users. The maximum achievable spectrally-fair EE value is 
shown as point B in Figure 5-4.
The results of the EE maximization case with and without fairness have been compared in 
Table 5-4. Moving from point A to point B is in the favour of the weak user, since it can 
increase its SE by approximately 11 bits/s/Hz. On the other hand, the SE of the strong 
user is reduced by approximately the same amount. The interesting point to note here is 
that, by sacrificing approximately 929 bits per Joule of energy, both users can achieve the 
same SE.
5.2.3.Target Energy Efficiency with Rate-Fairness
As discussed earlier, each EE contour is the collection of all SE points that achieve the 
same EE value. For a specific EE target (E^), the corresponding contour can be obtained 
using (5.12), where the intersection of the line of fairness and the desired contour will 
give the optimal operating point.
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Let’s assume that the contour labelled 1 in Figure 5-4 is our desired contour, therefore, 
the intersection of the line of fairness with the desired contour gives us the desired 
operating point. It can be seen that two intersections exist, points C and D, with both 
meeting the required criteria in terms of fairness and EE. However, point D is the obvious 
desired operating point since it also allows higher SEs for both users.
5.3. K-User Energy Efficiency Maximization
So far we have used EE contours to give some insight on the performance of the system 
both with and without fairness. The maximum achievable EE and corresponding SEs of 
the system was given for a single snap shot. This section extends the study to the general 
K - usqv case and evaluates the network EE by also adding a fairness constraint to the 
optimization problem. The same approach will be used to evaluate the EE of the system 
for variable cell sizes.
5.3.1. Variable Number of Active Users
This section uses the optimization problem defined in Section 5.2.1, and its extension in
5.2.2, to maximize the EE of the multi-user downlink channel based on a constraint on the 
total transmit power and fairness respectively. The system scenario is based on Section
5.1, where the system performance is observed for variable number of active users. The 
results are obtained both with and without fairness.
Figure 5-5 compares the EE of the general E-user network with and without fairness, 
where in both cases, the EE increases with the number of users. The standard 
maximization scheme is significantly more energy-efficient for higher number of users 
compared to the fair scheme. These results accentuate the findings in Section 5.2, where it 
was shown that the EE maximization of the BC is extremely spectrally-unfair, and 
incorporating fairness into the system will reduce the EE, which highlights the trade-off 
between EE and SE. However, the EE contours in the 2-user case showed that by 
incorporating fairness into the system, only a small penalty had to be paid in terms of EE
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Figure 5-5: Energy efficiency maximization
reduction, whereas in Figure 5-5, much larger margins are visible. This is due to the fact 
that the EE contours represented a single snapshot, while the results in Figure 5-5 are 
obtained through Monte-Carlo simulation, over a large number of snapshots.
The total transmit power of the system is depicted in Figure 5-6, where for the standard 
maximization case, the total transmit power decreases as the number of users increase. 
This is not the case for the fair scheme, where increasing the number of users will require 
higher transmit power. This is due to the fact that the total sum rate is lower in the fair 
scheme, therefore a higher transmit power is required for maximizing the EE.
Sum-rate capacity is achieved in the AWGN BC by allocating all power P to the user 
with the highest channel gain [2 1 ], therefore incorporating fairness into system will 
significantly affect the sum SE. This is depicted in Figure 5-7, where the standard 
maximization scheme achieves a higher SE compared to the fair scheme.
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Figure 5-6: Total transmit power of system
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Figure 5-8: Comparison of fairness index
The fairness measure used in this study is based on Jain’s fairness measure which is given 
in Section 5.2.2. The SE of users are utilizes such that all active users in the system 
receive an equal share. Figure 5-8 shows the fairness of the system as the number of 
active users is increased. The system is most fair when Jain’s fairness index equals 1, and 
least fair when it equals .
For the standard EE maximization scheme, as the number of users in the system 
increases, the fairness index drops. These results once again highlight the fact that EE 
maximization of the BC is extremely spectrally-unfair, which means that the strong user 
will be getting the majority of the rate.
5.3.2. Variable Cell Size
The results presented so far have been focused on a single-cell, with a fixed radius. This 
section extends this work by fixing the number of active users and investigating the effect 
of increasing cell radius on the network EE.
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Figure 5-9: Variable cell radius (10 user case)
Figure 5-9(a) shows the effeet of the eell radius on the EE of both sehemes with and 
without fairness, where, inereasing the eell radius will deerease the EE. This can be 
observed more clearly in Figure 5-9(b), where by increasing the eell radius, the transmit 
power required by the BS to convey the information to the UEs increases, and as a result, 
the EE of the system decreases.
We have shown in previous sections that EE maximization of the BC is extremely 
spectrally-unfair. By increasing the eell size, the user separation will be higher, and 
therefore weaker users will get lower SEs, leading to a lower fairness index. This will 
hugely affect the fairness of the system which is shown in Figure 5-10.
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Figure 5-10: Effect of variable cell radius on fairness (10 user case)
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Figure 5-11: Effect of cell radius on network EE with (w/) and without (w/o) fairness
As shown in Figure 5-9, by increasing the cell radius, the EE of the system decreases. 
This is also shown in Figure 5-11 for different number of active users, with and without 
fairness. By increasing the cell radius, the transmit power required by the BS to convey 
the information to the UEs increases, and as a result, the EE of the system decreases.
These results provide some insight into the behaviour of the system for a single-cell case. 
However, when area-wise coverage is the primary target, it is also important to 
investigate the performance of the multi-cell system, which is outside the scope of this 
thesis and will be investigated as part of future work.
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5.4. Chapter Summary
This chapter presents an energy-efficient rate allocation scheme for multi-user, single­
cell, downlink channels. A realistic linear power model is used to define the total power 
consumed at the BS, encompassing circuit and processing power, amplifier efficiency, 
and transmit power. A multi-user bits-per-joule metric is used to define the EE function, 
where SPC is employed to take into account the interference from other users based on 
the position in the decoding order.
The EE function is maximized based on a constraint on the total transmit power, which is 
initially implemented on the 2-user case. At the first stage, the combined effect of circuit 
power and amplifier efficiency coefficient is investigated on the EE of the system, which 
is followed by the effect of f  on the achievable rate of each user. The results are verified 
using EE contours.
The results are then extended to the general K-user case, where the standard EE 
maximization scheme is compared with a spectrally-fair scheme. The EE of the system is 
observed by initially increasing the number of active users in the network, and next, by 
increasing the cell radius.
Results show that by increasing the number of active users in the system, the network EE 
increases, and the total transmit power increases/decreases for the EE maximization 
with/without fairness respectively. Additionally, increasing the cell radius will decrease 
the EE.
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Chapter 6
Conclusions and Future Work
This chapter outlines the main technical contributions of this thesis and proposes future 
research directions as an extension to the work presented here.
6.1. Summary of Insights and Conclusions
This thesis addressed the EE of wireless networks both in uplink and downlink channels. 
EE contours were defined as a novel technique for maximizing the overall EE, providing 
a flexible solution based on different optimality measures such as rate-faimess and QoS. 
EE contours also proved to be a suitable technique for finding the trade-off between EE 
and SE, where as well as the sum-rate, the individual rate distribution of each user is also 
obtained.
The main contributions of this thesis are summarized as follows:
As the first step, we defined EE as the optimization metric for the multi-user MAC, where 
an SIC receiver was employed with multiple decoding policies. For each rate point, a 
framework was employed to identify the decoding policy achieving the highest EE. Using 
this approach, EE contours were introduced as a novel technique for locating the optimal 
operating point based on different system requirements: Maximum EE, a trade-off
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between maximum EE and rate fairness, achieving EE target with maximum sum-rate and 
achieving EE target with rate-faimess. EE contours graphically demonstrated an 
important feature of energy-efficient design in the uplink channel, where it was shown 
that maximum EE is achieved by allowing all users to transmit by employing an SIC 
receiver. In order to obtain a deep understanding of the effect of channel quality on the 
EE of the MAC, we investigated the effect of the disparity between channel gains of users 
on the average EE of the system and highlight their effect on the shape of the contours.
Following that, the EE function of the uplink channel was simplified with the use of TS, 
where the transmit power function was approximated as a finite sum of terms, providing a 
closed form solution. The accuracy of the approximation increased with IV, where an 
order of 5 proved to be sufficient for the approximation to converge to the target EE value 
with negligible performance difference.
The study was then further extended by investigating the weighted average EE of the 
system, where users were prioritized based on different criteria such as channel gain and 
available battery. Results showed that by allocating higher weights to the users with the 
better channel gains, significant improvements can be made in the EE of the system, but 
at the expense of reducing the weak user’s data rate. On the contrary, weights can be used 
for increasing the rate-faimess of the system, by allocating a higher, but precisely tuned, 
weight to users with the lower channel gains.
For the next step, the achievable rate region of AWGN BCs under TD, FD and SPC was 
re-visited, where the optimal energy-efficient rate points were located according to a 
comparison metric based on the average EE of the system. In addition to the transmit 
power, circuit power and signalling power were also incorporated in the power model, 
where results showed SPC as the most energy-efficient and rate-fair scheme. However, 
the SPC scheme requires full knowledge of the channel gains of all users, resulting in 
additional cost in terms of signalling power. In fact at high signalling powers, the FD and 
TD schemes outperform the SPC scheme from an EE point of view.
The SPC scheme was then used to obtain the EE contours using two different decoding 
orders. The EE contours clearly showed that unlink the MAC, maximum EE is achieved 
in the BC by only transmitting to the user closest to the BS, i.e. user with the higher 
channel gain.
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The results obtained using both decoding policies achieved the same maximum EE value, 
but using differently shaped EE contours. By encoding the user with the higher channel 
gain (user which is not affected by the interference from other user) last, the gradient of 
the EE contours become steeper, making the gap between different EE levels less 
compared to the opposite decoding policy. This showed to be very important in terms of 
achievability of certain rate points based on the transmit power constraint.
In order to obtain the closed form of the EE function of the downlink channel, TS 
expansion was applied in a neighbourhood of zero, and the transmit power function 
approximated as a finite sum of terms. Results showed that an accuracy order of 5 is 
sufficient for the approximation to converge to the desired EE contour.
The next step was to use realistic channel parameters and power models in order to get 
better insight into the EE of the multi-user BC. A modified linear power model was used 
to define the total consumed power at the BS, encompassing the BS transmit power as 
well as the circuit and processing powers of both BS and UE. At the first stage, the effect 
of the amplifier efficiency coefficient was investigated on the achievable system EE of 
the 2 -user case, which was followed by the relation of the circuit power, amplifier 
efficiency coefficient and EE. Next, EE contours were used to highlight the trade-off 
between EE and SE.
The EE of the multi-user system was maximized both with and without fairness, where 
the performance was initially observed by increasing the number of active users in the 
network, and next, by increasing the cell radius. Results showed that by increasing the 
number of active users in the system, the network EE increases, and the total transmit 
power increases/decreases for the EE maximization with/without fairness respectively. 
Additionally, increasing the cell radius showed to decrease the system EE.
6.2. Future Work
Energy awareness has recently gained huge interests in cellular networks, with a wide 
range of on-going and upcoming applications. This section proposes future research 
guidelines as an extension to the work presented in this thesis.
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6.2.1.Multi-Carrier Extension
The work presented in this thesis has focused on the EE of single-carrier uplink/downlink 
channels, therefore a possible extension to this work is to investigate the EE of multi­
carrier systems. Employing adaptive loading in multi-carrier modulation can significantly 
improve the performance of the system [138]. On the other hand, the peak-to-average 
power ratio of multi-carrier systems are significantly higher compared to single-carrier 
systems, which can cause significant performance degradations specially if non-linear 
power amplifiers are used. Despite these challenges, multi-carrier techniques are still 
widely employed in high data rate wireless systems. The work presented in this thesis can 
be further extended to investigate the trade-off in EE between single-carrier and multi­
carrier system.
6.2.2.Multi-Cell Extension
Extending the current work to multi-cell systems poses a number of challenges, both 
theoretical and practical. The intuition of the capacity results exist for simplified 
interference models but the information-theoretic capacity of the multi-cell system needs 
to be thoroughly investigated, where fading is also considered. On the other hand, the 
high number of BSs and active UEs can add huge complexity on the decoding schemes. 
One of the most important challenges faced in the multi-cell scheme is the inter-cell 
interference, which can be tackled by allocating different frequencies to adjacent cells, i.e. 
frequency re-use [21]. The spatial separation of the cells reusing the same channel must 
be as small as possible so that the SE is not compromised. On the other hand, as the reuse 
distance decreases, the inter-cell interference increases [139]. In order to maximize the 
EE of multi-cell system, further investigation is required on the re-use distance -SE trade­
off.
6.2.3.Using EE Contours for Scheduling
One of the fundamental problems faced in wireless communications is the allocation of 
scarce resources amongst users. Channel-aware scheduling can significantly improve the
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performance of conventional cellular systems by exploiting the independent channel 
variations across users. Different scheduling algorithms have been investigated in 
literature, many of which decompose the resource allocation problem into subcarrier and 
power allocation. The work presented in this thesis can be further extended to enable 
intelligent scheduling for cellular systems. To be more precise, the points on the EE 
contours can be stored in a look-up table and used as part of the scheduling process. This 
will allow the scheduler to identify the exact achievable rate-points for different 
optimality measures such as: maximizing EE, achieving rate-faimess, and achieving 
target EE.
6.2.4. UE power model
UEs are used for making and receiving voice/data calls, and have recently become an 
essential part of our everyday life. Due to their mobile nature and limited power sources, 
a lot of research has already been focused on reducing their power consumption, making 
them very energy-efficient. This is one of the main reasons why the primary focus of this 
thesis has been on incorporating realistic power models for the BC, in order to improve 
the EE of BSs. Having said that, new technologies are being incorporated into UEs day by 
day, with recent smart phones featuring relatively large screens and offering multi-media 
applications at the expense of higher power consumptions, which is why it is also 
important to define a realistic power model for UEs in order to make them more scalable 
for future generation of cellular networks.
6.2.5.Linear Techniques for Multi-Antenna Extension
In this thesis, SIC and SPC have been used for obtaining the rate of the single-antenna 
MAC and BC respectively. Different linear detection techniques, such as ZF and MMSE, 
can be used for the MAC and Linear precoding techniques for the BC, were both single­
antenna and multiple-antenna systems can be studied.
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Appendix A — Mathematical Proofs
This section gives the proof for the concavity of EEj  and provides the parametric 
equation for obtaining EE contours. The mathematical formulation and proofs given in 
this section are originally presented in [141].
A .I. P ro o f o f  C oncavity  o f  EEr
In this section, standard convex optimization techniques are used to show the concavity of 
the EE function and existence of a unique globally optimal energy-efficient rate 
allocation. The proof is done in two stages: first, the concavity of the 2-user case is 
shown, and then, the extension to the general K-user scenario is given.
- Proof of concavity of ft(K) for K=2:
The Hessian of h(X),  i.e. H(h(X))  can be expressed as:
dXl dXidX2  
d^hiX) d^hÇX) 
ldX2ÔXi dXl  ,
(A.1)
which further simplifies as:
/ W '
d f iX )
L dX,
(A.2)
where.
d f (X )
d f (X )
= f i x )  -  ao
(A.3)
= f i x )  - a o ~
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Let z =  [zi, Z2 ,---,Zj^],z E It was shown in [137] that if zH(h(X))z'^ < 0, then 
//(h(X )) is negative semi-definite matrix and consequently according to the second-order 
condition, h(X)  is a concave function.
/(X 2 )z//(/i(X ))z^
= + z|(ao +
+ 2ziZ2ao«2e^"‘*'^ ") (A.4)
= —(zlaQUie^^ + z | «10:26^ 1^ ■'■'*^2 + (2^  + (A.5)
Thus, zH(/i(X))z'^ <  0, Vz £ if %o^2 ? ^^ o^ ^2 ^  0. By definition, >  0, V/c G 
[ 1 , , K], so if  Œq > 0, the previous condition will be satisfied and h(X) will be concave.
- Proof of concavity of /i(X) for the general K-user case:
For the general case, it can be easily proven that the row element of the column of
the Hessian of h(X),  i.e. //(/i(X ))jj , can be expressed as:
where.
a/(x) ■ '
Consequently for the general case, the matrix product y//(/i(X ))y^ can be expressed as 
follows:
K - i K - i  /  i \ ^  ; - i  ; + i
z H { h { x ) ) z ^ = ( z n z ®*"
i=0 7 = 1  \k = 0  j  m =l n=l
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Thus, zHQi{X)')z^ <  0,Vz 6  if all the possible combinations of aiaj,Vi  G [1, ...,K] 
and j  > i are positive. A necessary and sufficient condition for this to happen is Œq > 0, 
since by definition aj  ^ > 0,Vk E [1,... ,K].
Consequently, h(X)  will be concave if (Tg >  0. On the other hand, since > 0, and is 
a linear function, ln(^(%)) is concave. The sum of two concave functions is concave, 
therefore we can conclude that In(EEj') is concave, and by implication, EEf  is log- 
concave.
A.2.Parametric Equation for Energy Efficiency Contours
This section provides the parametric equation used for obtaining EE contours based on a 
given SE.
An EE contour is the collection of all SE points leading to the same EE value. The 
derivation of the EE contours are as follows:
For a specific target EE value (Eq),
This can be further shown as:
K k \  K K
k = l  j=l )  k = l  k=l
K
A-^Eca^e^  ^  (A .ll)
k = l
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Using the Lambert function,
K
- A ~ ^ E c a k Y \ e ^ ^  = W  A -^ E c a ^ e ^  ^Ec{ao+Y.l=^akY\%^e^}) (D.12)
k=l
Therefore for a specific target EE value % ) ,  the corresponding SEs can be obtained 
using the following parametric function:
- W
Xk =  max < In
^  ^EcaKUk=i^^^
(D.13)
where, W (.) is the Lambert function, W  = Wq (real branch) if —A  ^EqŒ^ rik=i ^  
—1  or W = W —1  (negative branch) else.
A.3. Proof of Optimal Energy-Efficient Point
This section provides the proof for the optimal EE value of the 2-user case, as defined in 
(5.13). We start off with the EE function given in (5.10), where for a 2-user case 
becomes:
EE-p = A
Xi  +  %2
ctq +
(A.14)
The derivative according to each variable should be zero, therefore with respect to X^:
dEEj
~dX[ =  0 (A.15)
A[œq +  =  A[X  ^+ X2](aie^^+a2e^^'^^^) (A. 16)
OCf
+ 1 (A.17)
113
_________________________________________________________________________ Appendix
By repeating the same, with respect to %2 = 
dEEp
=> A[ao + 0:16^1+0:26^ '^ '^^ ]^ = ^ 1^ 1 +^^2](0:26^1 ■*■'^ 2) (A. 19)
From (A.17) and (A.20) it can be shown that:
Uq 0:0  +  0 :1 6 ^ 1
(A.21)
0:16-^ 1+ 0:2 6-^1 ■*■^ 2
Therefore,
0:16^1(0:0 + o:i6^i+o:26^i'^^2) = 0 (A.22)
Which implies that 0:16^ 1 = 0 or in other words, = —00. However, > 0, therefore it
can be concluded that Xi op^  = 0.
From (A.14), and by substituting X  ^op^  = 0, it can be shown that:
X2 ovt is obtained for = 0 as:
' 0 ^ 2 ,opt
A[ao + o:i+o:26^2,opc] = AX2,optCCze^ '^°vt (A.24)
0:0 + 0:1 = 0:26^2,opt(X2,opt -  1) (A.25)
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Therefore,
By rearranging (A.24), it can be shown that:
CT q  +  « 1 + 0 : 2 6  2 , o p t
This implies that.
(A.27)
« 2 6  (A.28)
By inserting (A.28) into (A.23),
_  -4 X2^opt _  4  0^2,opt ~  1)
CiCinnt — ao +  a . (A.29)
^^opt
Therefore, by substituting (A.26) into (A.29), the optimal EE point can be shown as:
^^opt ~
(A.30)
0 :0  +  0:1
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